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Polymer networks are a particular class of materials composed of polymer chains which are 
three-dimensionally connected to each other.[1] In an ideal simplified scenario, polymer net-
works are represented as a net in which the space between the crosslinking points, also called 
elastic chain length, is equal throughout the whole structure. In reality, the presence of defects 
such as unreacted moieties and loops alters the length of some of the elastic chains, and there-
fore the pore size distribution.[2]  
Recent literature shows the negative impact of structural defects on the elasticity of the net-
work.[3-5] Aware of this fact, and considering that polymer networks are part of our everyday 
life in diapers,[6] contact lenses[7] and materials for waste water treatment,[8] one of the current 
key challenges lies in the development of novel synthetic strategies for the achievement of 
more homogenous networks, with maximized application potential.[4]  
With this in mind, the presented study is oriented towards the investigation of advanced syn-
thetic approaches for the formation of well-defined polymer networks. In particular, the syn-
thesis of poly(acrylic acid) hydrogels with application as separation agent in a membrane-free 
process for the desalination of salt water was envisaged in the present work.[9] 
For this purpose, the network formation was controlled by reversible addition-fragmentation 
chain transfer (RAFT) polymerization of acrylic acid as monomer in the presence of N,N´-
methylenebisacrylamide as crosslinking agent. Importantly, the employment of the RAFT 
agent had a significant impact on the crosslinking process when compared to the conventional 
free radical polymerization (FRP). According to size-exclusion chromatography (SEC), in the 
RAFT-mediated process it was possible to identify first the formation of linear chains, and 
thereafter the incorporations of an increasing number of equivalent chains until gelation. The 
resulting networks were characterized by higher degrees of swelling compared to those ob-
tained via FRP. However, independently from the synthetic approach, the networks exhibited 
heterogeneity in the mobility of the elastic chains as observed in 1H NMR relaxometry experi-
ments. This is associated with the presence of defects in the network microstructure, underpin-
ning the need of advanced characterization techniques for the identification of the type of struc-
tural defect. 
For this reason, a novel synthetic and analytical technology platform for the precise design of 
polymer networks is developed in the second part of the presented work. The proposed strategy 
enable the introduction of traceable defects within the network microstructure by locating 
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heteroatoms such as fluorine, detectable via NMR spectroscopy, precisely at the crosslinking 
points. The incorporation of heteroatoms was achieved by synthesizing networks via the end-
linking strategy using the para-fluorothiol reaction (PFTR) as a ligation tool during the 
crosslinking process. Initially, an in-depth mechanistic study of the reaction was conducted to 
gain further insights into the ligation technique. Potential side reactions such as disulfide bond 
formation or multiple substitutions on the fluorinated aromatic ring were successfully 
suppressed and the reaction parameters were carefully optimized. 
Finally, a series of networks was obtained via PFTR upon reaction of a well-defined bifunc-
tional precursor and a three- or four-armed linker. A library of reaction conditions was identi-
fied to expand the approach to different types of polymers, e.g. polystyrenes and polymethac-
rylates. The mesh size distribution, and so the degree of crosslinking, was precisely tuned by 
using bifunctional precursors with different molecular weights. For all networks, the quantifi-
cation of the number of unreacted moieties was determined via 19F NMR spectroscopy without 
degradation of the network, proving the analytical power of the proposed strategy.  
In conclusion, the current work reveals a first step towards a deeper understanding of the struc-
tureperformance relationship, while an outlook into potential future research is provided in 





Polymernetzwerke sind eine besondere Klasse von Materialien, die aus dreidimensional mitei-
nander verknüpften Polymerketten bestehen.[1] Im vereinfachten Idealfall werden Polymernetz-
werke als ein Geflecht dargestellt, bei dem der Abstand zwischen den Vernetzungspunkten, 
auch elastische Kettenlänge genannt, über die gesamte Struktur gleich ist. In Wirklichkeit je-
doch verändert das Vorhandensein von Defekten, wie beispielsweise unreagierte funktionelle 
Gruppen oder Polymerschlaufen, die Länge einiger elastischer Ketten innerhalb des Netzwer-
kes und beeinflusst somit die Porengrößenverteilung.[2] 
Aktuelle Literaturergebnisse heben den negativen Einfluss von strukturellen Defekten auf die 
Elastizität von Netwerken hervor.[3-5] In Anbetracht dieser Tatsache, und unter Berücksichti-
gung, dass Polymernetzwerke Verwendung in unserem alltäglichen Leben finden, wie zum 
Beispiel in Windeln,[6] Kontaktlinsen,[7] sowie als Materialien zur Abwasserbehandlung,[8] liegt 
eine entscheidende Herausforderung heutzutage in der Entwicklung neuartiger Synthesestrate-
gien, um homogenere Netzwerke mit maximiertem Anwendungspotential realisieren zu kön-
nen.[4] 
Dementsprechend ist die vorliegende Arbeit auf die Untersuchung moderner Syntheseansätze 
zur Darstellung von wohldefinierten Polymernetzwerken ausgerichtet. Insbesondere ist die 
Synthese von Poly(acrylsäure)-Hydrogelen zur Anwendung als Trennmedium in einem memb-
ranfreien Prozess zur Entsalzung von Salzwasser in der vorliegenden Arbeit ins Auge gefasst 
worden.[9] 
Zu diesem Zweck wurde die Polymernetzwerkbildung mittels einer reversiblen Additions-
Fragmentierungs-Kettentransfer (RAFT) Polymerisation von Acrylsäure als Monomer in der 
Gegenwart von N,N´-Methylenbisacrylamid als Vernetzer kontrolliert. Hierbei hatte besonders 
der Einsatz des RAFT-Agenz einen signifikanten Einfluss auf den Vernetzungsprozess im Ver-
gleich zu Netzwerken, die mittels einer herkömmlichen freien radikalischen Polymerisation 
(FRP) hergestellt worden sind. Anhand der Größenausschlusschromatographie (SEC) war es 
möglich, zunächst die Bildung von linearen Ketten und danach den Einbau einer zunehmenden 
Anzahl von äquivalenten Ketten bis zur Gelierung nachzuvollziehen. Die entstandenen Netz-
werke wiesen im Vergleich zu FRP-synthetisierten Netzwerken einen höheren Quellungsgrad 
auf. Unabhängig von der Syntheseroute zeigten die Netzwerke jedoch eine Heterogenität in der 
Mobilität der elastischen Ketten auf, welches anhand von 1H NMR-Relaxometrie-Experimen-
ten bewiesen wurde. Dieses Verhalten ist dem Vorhandensein von Defekten in der Netzwerk-
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Mikrostruktur geschuldet, was wiederum die Notwendigkeit erweiterter Charakterisierungsme-
thoden zur Identifizierung der Art des Strukturdefekts veranschaulicht. 
Aus diesem Grund wurde im zweiten Teil der vorliegenden Arbeit eine neuartige Synthese- 
und Analysetechnologieplattform für die präzise Darstellung und Charakterisierung von Poly-
mernetzwerken entwickelt und dargestellt. Die vorgeschlagene Synthesestrategie ermöglicht 
die Einführung von nachweisbaren Defekten innerhalb der Netzwerk-Mikrostruktur, indem 
Heteroatome wie Fluor, die mittels NMR-Spektroskopie nachweisbar sind, extakt an den Ver-
netzungspunkten eingebaut werden. Der Einbau von Heteroatomen in Polymernetzwerke 
wurde mit Hilfe der Endgruppen-Kopplungsstrategie unter Anwendung der para-FluoroThiol 
Reaktion (PFTR) als Ligationswerkzeug während des Vernetzungsprozesses erreicht. Zunächst 
wurde eine detaillierte mechanistische Studie der PFT-Reaktion durchgeführt, um weitere Er-
kenntnisse über die Ligationstechnik zu gewinnen. Mögliche Nebenreaktionen, wie zum Bei-
spiel Disulfidbrückenbildung oder Mehrfachsubstitutionen am fluorierten aromatischen Ring, 
wurden erfolgreich unterdrückt, und die Reaktionsparameter wurden sorgfältig optimiert. 
Schließlich wurde eine Vielzahl an Netzwerken mittels PFTR hergestellt, indem ein wohldefi-
nierter bifunktionaler Vorläufer mit einem drei- oder vierarmigen Linker zur Reaktion gebracht 
wurde. Eine Reihe von Reaktionsbedingungen wurde identifiziert, um das Verfahren auf ver-
schiedene Arten von Polymeren, z. B. Polystyrole und Polymethacrylate, erweitern zu können. 
Die Größenverteilung der Maschen, und damit der Vernetzungsgrad, wurde durch den Einsatz 
von bifunktionellen Vorläufern mit unterschiedlichen Molekulargewichten exakt abgestimmt. 
Bei allen Netzwerken wurde die Anzahl der nicht reagierten Einheiten mittels 19F NMR-Spekt-
roskopie ohne Zersetzung des Netzwerks quantifiziert, was das analytische Leistungsvermögen 
der vorgeschlagenen Strategie hervorhebt.  
Schlussfolgernd lässt sich festhalten, dass die vorliegende Dissertation einen ersten, wichtigen 
Schritt zu einem tieferen Verständnis der Struktur-Leistungs Beziehung aufzeigt. Die Arbeit 
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Polymeric networks are three-dimensional assemblies of crosslinked polymer chains with char-
acteristic and unique material properties including permanent porosity, elastic behavior, and 
insolubility when placed in contact with solvents.[1] Accordingly, polymer networks are widely 
applied in many fields such as: rubbers,[10] medical devices,[11, 12] health care,[6] adhesives, cos-
metics[13] or as separation agent for desalination in a membrane-free process.[9] The latter is of 
high impact as it offers an attractive strategy to recover potable water upon swelling of the 
hydrogel in salt water. Moreover, the insolubility of the networks allows for an easy ‘recover 
and reuse’ upon regeneration, increasing its application potential.  
The macroscopic behavior of the network is strictly dependent on its microstructure and its 
chemical composition.[1] The composition is determined by the choice of the starting materials, 
e.g. monomer, while the microstructure refers to how the polymer chains are interconnected 
within the network, e.g. mesh size distribution. Several theoretical models have been developed 
for the description of the structure–performance relationship, however they often refer to an 
ideal polymer system that does not present any structural defects, such as polymer loops or the 
presence of unreacted crosslinking points.[14] However, the existence of the above-mentioned 
defects significantly influences the overall material properties as their presence affects the elas-
ticity and the mesh size distribution.[2, 3, 15] 
For example, poly(acrylic acid) (PAA) networks have been used in earlier works as separation 
agent for the desalination of salt water.[9] Starting from an aqueous solution containing 10 g L−1 
of NaCl, the amount of salt rejected reached levels of approximately 20% when using PAA 
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networks with a degree of crosslinking equal to 5%.[9] The reported PAA networks were syn-
thesized via conventional free radical polymerization (FRP), which is by far the easiest method 
to produce such materials but does not allow for a precise structural control over the micro-
structure of the final network. Thus, the synthesis and manufacturing of defect-free networks 
is nowadays highly desirable in order to understand whether a more homogeneous structure 
leads to a higher charge distribution, which in turn results in a better salt rejection. Driven by 
this urge, the networks were synthesized via RAFT-mediated copolymerization of a mono- and 
a bifunctional monomer to achieve a better control over the crosslinking process (Figure 1.1, 
Chapter 3). The influence of the RAFT agent was evaluated during the crosslinking process 
and afterwards on the resulting networks. The advantage of this approach consists in the sim-
plicity of the reaction set-up, the direct synthesis of polymer network using a wide variety of 
functional monomers, including acrylic acid, and the possibility of a gram scale production, 
which is beneficial for potential application in the desalination of salt water.  
In addition, due to the complexity of the network microstructure, it is also beneficial to develop 
new synthetic strategies that allow for the traceability of defects if present. A direct and precise 
quantification of the previously listed defects is important for correlating the differences ob-
served in the behavior of a material to the presence of a specific defect.[4] This concept is ex-
tensively discussed by the group of Olsen and Johnson, which elucidated the impact of primary 
and secondary loops, quantified via network disassembly spectroscopy (NDS), in the elastic 
properties of a given polymer network.[3, 5, 16-18] However, while their approach involves the 
disassembly of the networks, in this thesis the focus was set on the development of a direct, 
nondestructive method for the quantification of defects, e.g. the number of unreacted function-
alities within a polymer network system. Moreover, since an equimolar ratio between the func-
tional groups is required during network formation, assessing the percentage of unreacted func-
tionalities also gives an indication on the amount of existing dangling ends. For this purpose, 
the recently emerging para-fluorothiol reaction (PFTR)[19] has been selected as a highly suit-
able ligation technique for the crosslinking process (Figure 1.1, second and third panel).  
Initially, the PFTR was investigated for the synthesis of star-shaped polymer structures to avoid 
the analytical limitations associated with the insolubility of polymer networks while still rep-
resenting the chemistry of the crosslinking points (Figure 1.1, Chapter 4). The reaction was 
examined in terms of side reactions such as multiple substitutions at the fluorinated aromatic 
ring or disulfide bond formation of the thiol derivative, as their presence will lead to defects 
during network formation. Moreover, different reaction parameters that influence the nucleo-
philic substitution, such as the chemistry of the thiolate, the polarity of the solvent as well as 




Figure 1.1 – General overview of the projects presented in the current thesis. Chapter 3: RAFT-mediated 
network formation as an advanced synthetic route for the control of the crosslinking process (compared to 
conventional polymer network formation via FRP). Chapter 4: In-depth investigation on PFTR for optimizing 
the reaction conditions using a (simplified) polymer model system. Chapter 5: Network formation via PFTR 
with precise characterization of PFTR-related traceable defects. 
 
Finally, a variety of networks was synthesized via end-linking approach using PFTR as ligation 
during the crosslinking process (Figure 1.1, Chapter 5). Thus, bifunctional polymeric thiols 
derivatives were reacted with a three- or four-armed linker containing pentafluoro benzyl 
groups. Subsequently, the use of bifunctional fluorinated linker in combination with thiol based 
crosslinker was optimized to provide a library of reaction conditions, which choice is mainly 
driven by the type of polymer employed. The molecular weight of the bifunctional precursor 
determines the mesh size and so the degree of crosslinking within the final network. Thus, a 
series of networks possessing a high and a low degree of crosslinking were synthesized. For 
each system, the fluorinated atoms, strategically located at the crosslinking points, could be 
easily detected via 19F NMR spectroscopy using standard routine measurements. In detail, the 
resonances of the fluorine atoms before and after ligation appear at different position in the 
19F NMR spectrum and thus, are facile to distinguish. The comparison of the two sets of 
resonances allows for a thorough quantification of the unreacted functionalities. Assessing the 














(see Figure 1.1, bottom panel) and thus the macroscopic properties, e.g. swelling behavior.[20] 
Moreover, it provides a tool for the identification of defects at the nanometer scale. 
Overall, the present thesis is driven by the current need of new chemical strategies for control-
ling polymer network formation and the development of new ligations, which allow structural 
elucidation and a clearer structure–performance relationship. Two main synthetic approaches 
are presented in the current thesis. First, the RAFT-mediated polymer network formation was 
used for the fabrication of polymer networks with potential application in the desalination of 
salt water. Second, the end-linking strategy using PTFR as ligation was introduced as a new 
methodology for the precision design of polymer networks with the advantage of gaining de-
tailed insights into the network microstructure by detecting and quantifying the amount of de-






The current chapter provides the theoretical background necessary for understanding the con-
cepts, methods and instrumentations used within this thesis. Firstly, an overview of some of the 
most relevant modern polymerization techniques is described, specifically distinguishing be-
tween conventional free radical polymerization (FRP) and reversible-deactivation radical 
polymerization (RDRP). Next, the thiol-based ligation reaction termed “para-fluoro-thiol re-
action” (PFTR) is highlighted as a powerful synthetic tool for building a variety of complex 
architectures. Further, an insight into network formation including the origin of structural de-
fects and a critical description of the different synthetic routes, along with their advantages and 
disadvantages, is discussed. Eventually, a special class of network named polyelectrolyte hy-
drogels and their application in a membrane-free desalination process is proposed. 
 
2.1  Modern Polymerization Techniques 
The word “polymer” derives from the Greek words “poly” (many) and “meros” (parts). Ac-
cording to the International Union of Pure and Applied Chemistry (IUPAC), a polymer (mac-
romolecule) is a “molecule of high relative molecular mass, the structure of which essentially 
comprises the multiple repetition of units derived from molecules of low relative molecular 
mass”, generally called monomers.[21] In other words, a polymer is composed of either one or 
a combination of different monomers chemically linked together during a synthetic process 
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called “polymerization”. The number of monomeric units present in a macromolecule is re-
ferred to as a degree of polymerization (Xn) and plays a key role in determining the thermal and 
mechanical properties of the final polymer.[22] Contrary to monomers, synthetic polymers do 
not possess a specific, easily accessible, molecular weight. Rather, the nature of polymerization 
leads to a statistical distribution of molecular weights depending on the length of each polymer 
chain in a mixture. In particular, two distributions are commonly referred to: the number aver-
age molar mass Mn and the mass average molar mass Mw. Simply, Mn is the arithmetic mean 
molecular weight of all polymer chains in a sample. Compared to Mn, Mw accounts for the fact 
that bigger chains contain more of the total mass of a polymer sample than smaller chains do, 
it is often defined as weight average molar mass.[22] The ratio between Mn and Mw determines 
the dispersity index (Ð), which is used as an indication of the distribution width. The higher 
the value of Ð, the more diverse the chains lengths are within the polymer sample. Accordingly, 
a polymer with Ð = 1 is a monodisperse polymer, where Mn is equal to Mw. Usually, this is 
feasibile only for natural macromolecules such as proteins and DNA, while it is not the common 
case for synthetic polymers.  
Indeed, each polymerization technique leads to polymers with varying ranges of dispersity in-
dex, mainly due to their different synthetic pathways. Accordingly, the polymerization pro-
cesses can be divided into two main categories: step-growth polymerization or chain-growth 
polymerization. For the former, monomers contain complementary functionality and react with 
each other stepwise, creating first dimer, then trimer and only at high conversion a polymer 
with high molecular weight.[22] In contrast, chain-growth polymerization – utilized in this work 
– generates an active species during an initial step (initiation) and the polymerization proceeds 
by repetitive insertion of a monomer unit at a time. [23] This category can be further divided into 
ionic and radical polymerizations. In ionic polymerization, the propagating species is either a 
cation or an anion, the reaction is performed at relative low temperatures and is characterized 
by high reaction rates.[22] Furthermore, high degrees of polymerization and stereochemical con-
trol can be achieved. Because ionic polymerizations involve the propagation of charged spe-
cies, repulsion of chain-ends leads to less termination or transfer reactions, giving ionic 
polymerization the character of “living polymerization”, which have a number of favorable 
characteristics. These include a linear increase of the molecular weight with conversion, the 
possibility of achieving a target molecular weight by adjusting the monomer/initiator ratio and 
a narrow molecular weight distribution. This ultimately allows higher control over the polymer 
architecture, starting from end-group fidelity. Despite this, ionic polymerizations are extremely 
sensitive towards impurities, and can be utilized only for a restricted range of monomers, e.g. 
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no free carboxylic acid groups. Conversely, radical polymerization allows for a broader mon-
omer selection, is less sensitive to impurities and boasts a much simplified reaction set-up. With 
the ultimate aim of synthesizing poly(acrylic acid) network for the desalination of salt water, 
the emphasis is placed on the radical polymerization process, given the aforementioned ad-
vantages in comparison to the ionic polymerization. 
 
2.1.1 Free Radical Polymerization  
Free radical polymerization (FRP) is by far the most used polymerization technique in indus-
try.[24] The FRP mechanism, summarized in Scheme 2.1, consists of a sequence of three funda-
mental steps: initiation, propagation and termination. During the initiation step, an initiator 
molecule is decomposed allowing the production of free radicals. The initiator is often an or-
ganic peroxide or an azo- or diazo-type compound, which can be thermally decomposed. Pho-
toinitiators, which degrade upon UV or visible irradiation, or redox systems are also a suitable 
option.[25] Generally, each initiator is categorized according to its “half-life” (t1/2), which is the 
time necessary for the concentration of initiator to reach half of its original value.  
 
 
Scheme 2.1 – The free radical polymerization (FRP) process includes: i. the initiation, which generates active 
radicals; ii. the propagation, where the radical can grow in size after sequential addition of a monomer unit, 
and iii. the termination and/or transfer reactions, where the final polymer chain is produced. 
 
Independently from the degradation pathway, the initiation rate is described as the disappear-
ance of initiator over time or, in other words, as the production of radicals capable of initiating 
the polymerization over time. The rate of decomposition, Rd, is directly proportional to the 
initiator concentration and its efficiency. The efficiency is defined as the amount of radicals 
formed able to initiate the polymerization. It is determined by comparing the amount of initiator 
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decomposed to the amount of polymer chain produced (M*, refer to Scheme 2.1) and can as-
sume values between 0 and 1. Respectively, the mentioned parameters are related according to 
the following equations:[25] 
 
 
where kd the rate coefficient for the decomposition of the initiator into radicals, [I] the concen-
tration of initiator, and fi is the efficiency of the initiator.  
After initiation of the polymerization, the propagation proceeds via addition of a monomer unit 
to a reactive radical chain, ultimately growing to a macroradical. It is assumed that the propa-
gation rate is independent from the length of the chain (monomer conversion), meaning that all 
the chains can grow at an equal rate.[22] Furthermore, since the consumption of monomer is 
significant in this step and negligible during the initiation, the rate of polymerization (Rp) is 
described as the amount of monomer consumed over time. Thus, the concentration of monomer 




where kp is the rate coefficient for the propagation step. Nevertheless, the quantification of [M
*] 
is difficult to achieve. To overcome this, a steady-state assumption is applied, which assume 
that the concentration of radicals increases until it reaches a constant value throughout the 
polymerization.[23] Eventually, two reactive species (radicals) react with each other leading to 
an unreactive chain called polymer. This event is named termination and can occur via combi-
nation or disproportionation. The former is a direct coupling of two macroradicals (i.e. Mi and 
Mj) to form a single dead macromolecule (polymer) of chain length i+j. While in the latter case, 
a hydrogen is transferred from one chain to another yielding two polymer chains, one contain-
ing a saturated chain end and the other one an unsaturated chain end. Independently from the 
specific termination process, the termination event is a bimolecular process and its reaction rate 
is expressed by the disappearance of the growing chain (M*) over time, hence it is proportional 





=  𝑘d[𝐼] 
(2.1) 





















An additional type of termination event is called “transfer reaction”, and it refers to the inter-
action of a growing radical with another molecule, which can be the monomer, the solvent, the 
initiator or a transfer agent intentionally added to decrease the degree of polymerization (Xn). 
During the transfer process, a macroradical interacts with any of the aforementioned molecules 
by abstracting a weakly bonded atom (e.g. hydrogen or halogen). The results of this interaction 
are a dead polymer and the formation of a newly generated radical, which can continue the 




where the rate coefficient for the transfer (ktr) and the propagation (kp) reactions are compared.  
To conclude, the degree of polymerization is defined as the ratio between the propagation rate 




In terms of its use, FRP is worldwide employed in industry for the production of important 
products such as low- density polyethylene (LDPE), poly(vinyl chloride) (PVC), fluoropoly-
mers (e.g. polytetrafluoroethylene, PTFE), polystyrene and acrylic- or methacrylic- based pol-
ymers.[22, 24] However, despite its multi-billion dollar industry, polymers obtained via FRP pro-
cess suffer from limitations such as a lack of control over the molar mass and the dispersity 
index. Even though these parameters may be irrelevant for many industrial applications, the 
inability to more precisely control their synthesis represents a major restriction in fundamental 
research and advanced material design. Indeed, the achievement of well-defined structures is a 
key feature for a comprehensive structure–performance relationship. To overcome this, the de-
velopment of controlled radical polymerization techniques (CRP) has been a long-standing goal 
for polymer chemists. Eventually, starting from 1982 when Otsu et al. proposed and described 
a possible mechanism to achieve control over FRP, new synthetic routes have been exploited, 






















the term CRP or reversible-deactivation radical polymerization (RDRP) is used instead of “liv-
ing polymerization” because termination reactions are limited but cannot be completely 
avoided. In satisfying the main aims of this thesis, RDRP was utilized in the synthesis of nar-
row-disperse polymers with precise end-group functionality for use as precursors in network 
synthesis, and also as an additive to mediate polymer growth in free radical network for-
mation.[28] Such RDRP techniques will thus be the focus of the next section. 
 
2.1.2 Reversible-Deactivation Radical Polymerization  
For years scientist have been screening new reaction conditions and pathways in order to merge 
the easy set-up associated with the free radical polymerization and the control over the molec-
ular weight typical of an ionic polymerization.[29] In the latter case, the low polydispersity of 
the generated polymer is the result of the livingness character of ionic polymerization, which 
implies that, in absence of impurities, the propagating chain can continue growing until all the 
monomer is consumed.[30] This will lead to the formation of polymer, which molecular weight 
Mn is defined as: 
 
 
where MTA is the molecular weight of the transfer agent used for introducing control, M0 is the 
molecular weight of the monomer, [M]0 is its initial concentration, [I] the concentration of ini-
tiator, and x is the conversion, respectively. As previously mentioned, the first inspiring work 
in this context was the one reported by Otsu and coworkers in 1982.[26, 27] The idea is based on 
the use of specific “controlling agents” able to react with the propagating radical by pushing 
the growing chain into a “dormant state” in a reversible manner. Since the reaction is reversible, 
the newly formed species can dissociate one more time and restart the polymerization. Ideally, 
upon breakage of the newly formed bond, one monomer unit is inserted, resembling the char-
acter of living polymerization. Reactions fulfilling this propagation criteria are referred to as 
“reversible-deactivation radical polymerization” (RDRP), and allow for the synthesis of mac-
romolecules with narrow molecular weight distribution, low dispersity index, linear increase 
of the molecular weight over time and precise architectures (e.g. -functionalized poly-
mers).[31] The main goal is to prolong the lifetime of the macroradicals, from milliseconds to 
hours, and hence drastically diminish the termination events.  
The controlling agent that allows RDRP can be either a stable radical, which does not initiate 









(Atom Transfer Radical Polymerization, ATRP)[34-37]. In both cases, the equilibrium between 
dormant and active species is highly shifted towards the “dormant species”. Indeed, ATRP and 
NMP polymerizations base their concept on the remarkable reduction of the propagating radi-
cals upon addition of high concentration of dormant species. Alternatively, when the control-
ling agent is a di- or trithiocarbonate molecule, the polymerization is called Reversible Addi-
tion-Fragmentation chain Transfer (RAFT) polymerization.[38] In this case, the concentration 
of radicals is the same as in FRP, and the control is induced by an activation/deactivation mech-
anism. RAFT polymerization is more versatile, proceeds in organic as well as in aqueous media 
and it is less sensitive to diverse functional groups compared to NMP and ATRP. Among oth-
ers, particularly relevant for the work developed in this thesis is the polymerization of acrylic 
acid, which is why the RAFT polymerization approach is chosen and critically discussed.[39]  
 
Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization 
As mentioned, the RAFT process differs from other RDRP techniques because it does not in-
volve a drastic reduction of the radical concentration, rather a reversible addition-fragmentation 
of the growing macroradical to a particularly designed chain transfer agent (CTA), also named 
“RAFT agent”.[40] The concept of forming C-C bonds upon radical addition-fragmentation has 
been reported as reaction step for organic synthesis.[23] However, in order to translate this idea 
to polymeric systems, a CTA needs to be able to undergo propagation in a similar fashion to 
the monomer. The term RAFT polymerization was introduced in 1998 by Rizzardo, Thang and 
Moad, when the mechanism was proposed and its effectiveness highlighted for the polymeri-
zation of methyl methacrylate (MMA).[38]  
Similar to the conventional free radical polymerization, the RAFT process starts with the initi-
ation step, where an external initiator (e.g. azo-compound) generates the first radicals. Next, 
the initiator reacts with a monomer unit generating a growing radical (Pn
*). Immediately, the 
RAFT agent traps the newly formed radical and the “pre-equilibrium” is established, as shown 
in Scheme 2.2.[31] Subsequently, the CTA undergoes β-scission, resulting in the release of R*, 
able to continue the polymerization. Once R* has incorporated monomer units (re-initiation), it 
becomes a macroradical (Pm
*) and the main equilibrium is established.[41] Afterwards, the re-
action proceeds until desired conversion. The above mentioned steps are visualized in Scheme 
2.2, where it becomes clearer how the RAFT equilibrium itself does not alter the radical con-
centration.[42] Furthermore, the overall process can be summarized as in the bottom box re-
ported in Scheme 2.2. Particularly, it demonstrates the possibility to achieve -telechelic 
polymers, as for living polymerizations, via RAFT approach, where the R and the Z group 
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represents the  and the  group, respectively. The molecular weight of the synthesized poly-
mer is calculated as follows: 
 
 
where x is the conversion, [M]0 and [CTA]0 the initial concentration of monomer and CTA, 




Scheme 2.2 – Detailed overview of the RAFT mechanism. The initiation includes the decomposition of the 
initiator and the formation of the growing radical. The pre-equilibrium is established between the previously 
formed radical and the RAFT agent. The re-initiation refers to the incorporation of monomer units by the 
leaving R group of the RAFT agent. During the main equilibrium the propagating radical chain Pn is added 
to the RAFT unit and the polymer radical Pm is eliminated. The termination steps are drastically limited, yet 
not completely avoided. In the top box the general representation of a RAFT agent is depicted, while in the 
bottom box the overall reaction scheme is shown. 
 
For a better understanding of the importance of the RAFT agent selection, it is necessary to 
focus on the pre-equilibrium step. Indeed, here, it is fundamental that the propagating radical 










quantified by two transfer coefficients Ctr (= ktr/kp) and C-tr (=k-tr/kiR), and the partition coeffi-
cient (ϕ).[42] These parameters are defined as follows:  
 
 
where all the rate coefficients are shown in Scheme 2.2. The partition coefficient (ϕ) represents 
the preference of the intermediate radicals involving the RAFT agent to return to starting ma-
terials or to fragment to products.[43] Therefore, for a RAFT agent to effectively participate in 
the polymerization, the partition coefficient during the pre-equilibrium, ϕ, should be > 0.5.[43] 
Later on, once the main equilibrium is established, kβ is replaced by k-addP and kadd by kaddP and 
ϕ will be equal to  ̴ 0.5.[43] 
The choice of the RAFT agent is not universal but needs to be optimized according to the 
monomer and is a vital consideration for achieving narrow disperse macromolecules. Given 
this, the specific role of the Z and the R group is explained in the following section. 
 
RAFT agent design 
Generally, all conventional RAFT agents present two common features: a reactive double 
(C=S) and a weak S-R bond.[44] However, depending on the chemistry surrounding the dithio-
carbonyl group, RAFT agents can be categorized as follows: dithioester (alkyl-), trithiocar-
bonates (S-), dithiocarbamates (NR2-) and xanthates (OR-), as shown in Figure 2.1.  
 
 
Figure 2.1 – Classification of RAFT agents in four different classes according to their chemical structures: 
dithioesters, trithiocarbonates, dithiocarbamates and xanthates.  
 
Where Z is considered the “stabilizing group” and R is the “leaving group”. Certainly, the 
choice of both is critical for an effective CRP.[44]  
The role of the stabilizing group (Z) is to ensure the reactivity of the main double bond, C=S 







   















efficient (low kβ), and the polymerization is delayed (retardation). Whereas, in the opposite 
case, no addition of polymer chains to the RAFT agent occurs (low kadd), resulting in a loss of 
control over the polymerization.[42] It has been observed that the most promising RAFT agents 
are those where Z is either a carbon (dithioesters) or a sulfur derivative (trithiocarbonate), while 
xanthates and dithiocarbamates show significant lower reactivity.[38] This is because the nearby 
oxygen or nitrogen participates in resonance structures with the C=S double bond, lowering its 
reactivity. An exception are dithiocarbamates where the nitrogen is part of an aromatic ring, 
thus not available for interaction with the adjacent double bond.[45] In this case, the reactivity 
of the CTA is comparable to that of dithioesters and trithiocarbonates.  
In contrast, the S-R bond must be weak and R a good leaving group. This is important in order 
to ensure that its scission from the RAFT agent is more probable compared to the one of the 
propagating radical (ϕ > 0.5).[31] Furthermore, its ability to re-initiate the polymerization has to 
be comparable to that of the monomer (kiR > kp). Indeed, only when these two criteria are ful-
filled, the size of the growing chains are similar to each other. Typically, R is chosen to mimic 
the monomer structure.[44]  
For an easier monomer to RAFT agent selection, general guidelines have been established for 
both groups (R and Z) independently, and are depicted in Figure 2.2.[46]  
 
 
Figure 2.2 – Guidelines for an appropriate RAFT agent selection, divided into the selection for R and Z 
groups, seperately. Solid lines represent good control over the polymerization, while dotted lines indicate 
poor control. List of abbreviations: MMA (methylmethacrylate), VAc (vinyl acetate), NVP (N-
vinylpyrrolidone) and NVC (N-vinyl carbazole). The figure is adapted from “S. Perrier, Macromolecules 




Polymerization of acrylic acid 
Several fundamental studies led to the development of accurate guidelines for many monomers, 
(Figure 2.2), however, they mostly do not include more complex monomers such as acrylic 
acid. Nevertheless, RAFT represents the only example of controlled polymerization for the 
direct polymerization of such monomer.[47] Acrylic acid can be polymerized, also on industrial 
scale, via conventional free radical polymerization. In contrast, the polymerization methods 
based on ionic or reversible-deactivation radical polymerization to achieve narrow disperse 
acrylic acid based polymers are still challenging. The latter is due to the low tolerance of such 
techniques towards the carboxylic acid functionality.[47]  
In details, since acrylic acid is a protic monomer, the anionic polymerization process is sup-
pressed by the monomer itself. Moreover, the use of methacrylates monomers is preferred over 
the analogous acrylate derivatives.[48] In ATRP the main problem is associated with the reaction 
between the carboxylic group with the metal complex.[49] Eventually, the polymerization of 
(meth)acrylic acid monomers via NMP is prevented or slowed down by the accumulation of 
nitroxide radicals, and their respective partial decomposition in acidic medium.[50] To overcome 
these issues, usually an analogous monomer (e.g. tert-butyl acrylate or benzylic acrylate) is 
polymerized and the corresponding PAA is achieved after deprotection of the ester group via, 
for instance, acidic hydrolysis.[51] The general strategy is depicted in Scheme 2.3. 
Contrary to the above listed methods, RAFT allows for a controlled polymerization of acrylic 
acid without the need of any protecting group. This is because the trithiocarbonate group is not 
affected by acidic environment. RAFT agents suitable for the purpose are 1-phenylethyl dithi-
obenzoate, dibenzyl trithiocarbonate,[52] bis(1-phenylethyl) trithiocarbonate[52] and 4-cyano-4-
(phenylthioylthio)-pentanoic acid (the latter is depicted in Figure 2.3 as CTACOOH).[53] Last 
but not least, the polymerization of acrylic acid is proved to be feasible upon irradiation of the 
reaction mixture with UV radiation at ambient temperature, highlighting the power of the 
RAFT polymerization approach.[39] 
 
 
Scheme 2.3 – Reaction scheme for an alternative synthetic route towards the achievement of poly(acrylic 
acid) polymers. In the scheme, R corresponds to the protecting group, while A and X are the two chain ends, 




RAFT agent functionalization and post-modification  
It has been discussed that well-controlled polymers can be achieved via RAFT polymerization. 
This refers not only to the narrow molecular weight distribution (Ð < 1.5) but also to the pos-
sibility of obtaining - telechelic polymer, where the chemistry of the end groups is strictly 
related to the RAFT agent employed, as shown in Scheme 2.2. Here, two strategies can be 
followed: i. the synthesis of a CTA already containing the desired end groups[42, 54] or ii. the 
post-modification approach, where the RAFT agent is modified after polymerization.[55] The 
former group is further divided into two subcategories, being them the synthesis of the RAFT 
agent from raw materials or the modification of RAFT agents containing carboxylic groups 
pre-polymerization. Indeed, several CTAs presenting this feature are commercially available 
on research scale, while the two RAFT agents used in this thesis are depicted in Figure 2.3. 
 
 
Figure 2.3 – Chemical structure of the two commercially available RAFT agents possessing a carboxylic acid 
group employed in Chapter 5. 
 
Among different strategies for the synthesis of a RAFT agent,[43] the reaction between carbodi-
thioate salt and an alkylating reagent is adopted in Chapter 5 for the synthesis of a bifunctional 
RAFT agent carrying pentafluorobenzyl groups at both ends (biPFB). This strategy is often 
commonly used due to its simplicity and its versatility. Indeed, it can be adopted to all the 
classes of RAFT agent (Figure 2.1) for introducing primary or secondary R groups[43] or for the 
synthesis of both symmetric[56] and asymmetric RAFT agents.[57]  
Following a different approach, RAFT agents containing a carboxylic group, such as those 
reported in Figure 2.3, can be modified through esterification or amidation mostly via car-
bodiimide coupling reaction.[58, 59] Following this procedure, hundreds of RAFT agents have 
been synthesized and utilized for a wide variety of purposes, e.g. grafting of polymers onto a 
surface,[60] bioconiugation[61] or introducing ATRP initiator for the synthesis of block copoly-
mers.[62] Different reviews summarizing all the CTAs produced are available in literature.[42, 43] 
In Chapter 5, the above discussed synthetic approaches are used in order to achieve bifunc-
tional RAFT agents for the synthesis of homotelechelic polymer to be used as precursors for 
network formation.  
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A general feature of polymers made via RAFT polymerization is that the polymers, as well as 
the RAFT agent itself, are inherently colorful (from pink to yellow) and that the labile dithio-
carbonate moiety is still present in the final polymer. Since both features can rise limitations 
for certain applications or further reactions (e.g. those involving strong nucleophiles), several 
post-modification routes involving the thiocarbonyl moiety have been established. A brief 
overview is given in Scheme 2.4, and more detailed insights are available in dedicated re-
views.[55] Herein, the aminolysis and the photo-induced hetero-DielsAlder reactions are de-
scribed in more detail, as they have been used in Chapter 4 and Chapter 5 for material design.  
 
 
Scheme 2.4 – Schematic representation of some possible modification reactions involving a typical RAFT 
end-group (red box). In red are highlighted the reaction used in this thesis. 
 
Aminolysis 
The process of aminolysis utilizes the sensitivity of the dithiocarbonate group towards nucleo-
philes. It is a versatile and widely used approach because the polymer containing a thiol end-
group can be further reacted in a series of a well-established thiol-X reactions such as the para-
fluorothiol and thiol-Michael reactions.[63] The power of aminolysis lies in the easy set-up, 
fast reaction rates and quantitative yields. Any primary or secondary amine having nucleophilic 
character can be employed for the purpose. However, it is necessary to consider the inherent 
reactivity of thiols to form disulfide bonds during the reaction set-up. Thus, fundamental is the 
removal of oxygen from the reaction mixture prior addition of the amine. Several papers re-
ported in literature suggest the direct addition of a suitable substrate for the thiol to react with, 
e.g. activated double bonds (thiol-ene) or gold surfaces.[55, 63] However, if the aim is the 
achievement of polymeric thiols as such, the intrinsic tendency to form disulfide can be limited 
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or completely blocked by the use of reducing agents during aminolysis, e.g. tris(2-carboxy-
ethyl)phosphine (TCEP).[64] The cleavage of the thiocarbonyl group leads to loss of color typ-
ical of RAFT polymers, and the yielded macrothiol can be isolated by precipitation. 
 
Hetero-DielsAlder reaction 
The hetero-DielsAlder reactions (hDA) utilizes the electron-deficient dienophile in a [4+2] 
cycloaddition with a suitable diene.[65] The term “hetero” refers to the presence of heteroatoms 
in the chemical structure of the dienophile, in this case sulfur. Starting from seminal works of 
Barner-Kowollik et al.[66, 67], the applicability of such reactions has been shown to be feasible 
with several RAFT agents via both photo-induced[68, 69] and thermal activation.[70, 71] Herein, 
the photo-activated reaction between the dithiocarbonate (dienophile) and a custom designed 
photocaged diene (photoenol) is used for incorporating the desired functionality onto the poly-
mer and the removal of the sensitive RAFT group at the same time.[69] Similar to aminolysis, 
hDA reactions proceed in high yield and short reaction times at ambient temperature. Moreo-
ver, contrary to the other DielsAlder reaction, the herein reported photoenol cycloaddition is 
irreversible. Nevertheless, one disadvantage of this ligation is the time-consuming synthesis of 
the custom made photoenol, which is obtained after five reaction steps. 
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2.2 para-FluoroThiol Reaction  
The para-fluorothiol reaction (PFTR) is a highly appealing ligation chemistry that has re-
cently found extensive application.[72] The presence of fluorine atoms within the molecule usu-
ally allows for materials with unique properties.[73] Particularly, due to the fact that the fluorine 
is the most electronegative atom, and therefore capable to form very strong bonds with other 
elements.[74] Herein, the C-F bond, which is the strongest single bond to carbon, is of significant 
relevance.[73] Due to the difference in electronegativity between the two atoms, C-F bond is 
highly polarized, with the partially positive charge being located on the carbon. This is of high 
importance for the understanding of ligation such as PFTR, where an aromatic fluorinated 
group is involved. Indeed, contrary to most of the fluorocarbon compounds, perfluoroarenes 
are highly reactive.[75] The replacement of six H atoms with six more electron-withdrawing F 
atoms, changes the reactivity of the aromatic ring completely, which becomes susceptible to 
nucleophilic, rather than electrophilic, substitutions.[76, 77] Some pioneering works on this topic 
date around the 1950´s, when compounds such as hexafluorobenzene became available on a 
large scale. At that time, reactions of hexafluorobenzene with hydroxides, alkoxydes and or-
ganolithium compounds led to products such as pentafluorophenol, pentafluoroanisole, pen-
tafluorotoluene and many more derivatives that are nowadays commercially available.[78] 
 
Figure 2.4 – The influence of the different electronegativity of H and F on the electron density of the aromatic 
ring. In example benzene (left) and hexafluorobenzene (right). The electronegative values are in agreement 
with the relative scale of electronegativity of Pauling.[79] 
 
However, the pentafluoro group has gained increasing attention for material scientists in the 
late 2000s, when Ott et al. incorporated pentafluorostyrene in a polymer scaffold.[80] In their 
work, the fluorinated group was reacted with an amine in order to obtain graft polymers upon 
nucleophilic substitution. Despite the great importance of this and previous reports, the findings 
of Becer et al. just a year later are particularly relevant for the current thesis.[81] Indeed, here, a 
thiol was used as a nucleophile and the reaction, for the first time, proceeded quantitatively at 
ambient temperature within few hours. The reaction was performed in N,N-dimethylformamide 
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(DMF) using triethylamine as a base.[81] These mild reaction conditions are feasible due to the 
higher acidity and nucleophilicity of thiols compared to amine and hydroxyl derivatives of 
similar structure.[82] Furthermore, the employment of thiol derivatives gives the ligation more 
attractive application potential. In fact, thiol-chemistry is one of the most investigated type of 
coupling reactions, due to the high abundance of sulfur and the wide variety of commercially 
available thiol derivatives.[83-85] Moreover, as mentioned in the previous section, polymeric thi-
ols are easily accessible via RAFT polymerization followed by aminolysis of the thiocarbonate 
group (Scheme 2.4).[55, 63] Finally, since cysteine is a thiol-containing amino acid, peptides can 
be used as ligation counterpart, expanding the use of PFTR to biological systems.[86, 87] Thus, 
as stated in the name, the term PFTR refers to a reaction between a pentafluoro phenyl (PFP) 
moiety and a thiol derivative, as depicted in Scheme 2.5. 
 
 
Scheme 2.5 – General scheme for the para-fluoro thiol reaction (PFTR). The moieties involved are a thiol 
and a fluorinated aromatic ring. A base is used for the deprotonation of the thiol to generate the thiolate and 
promote the aromatic nucleophilic attack. 
 
As summarized in recent review articles,[19, 72] it has been shown that in principle any thiol can 
undergo PFTR, and that the reaction can be conducted in both organic and aqueous media.[86] 
Depending on the type and amount of base and solvent used, the ligation is completed within 
minutes or hours, as shown in more detail in Chapter 4, where an in-depth kinetic study is 
proposed. The term “para” in the PFTR acronym refers to the position where the nucleophilic 
attack takes place. On this topic, Kvíčala et al. extensively discussed the reaction pathway and 
the selectivity of nucleophilic substitutions on perfluorinated aromatic rings.[88] In simple 
words, one can consider a general structure of the PFP moiety as the one reported in Scheme 
2.6, where Y can be any desired substituent.  
Similar to the equivalent benzene derivatives, when a substituent is present on the aromatic 
ring, the regioselectivity of the following substitution is influenced or regulated by the nature 
of the substituent itself. This observation was introduced for the first time in 1937 by Louis 
Hammet.[89] The quantification of the substituent effect for a nucleophilic substitution was ob-
tained by comparing the rate constant of a selected reaction in the case where Y (Scheme 2.6) 






where σ and ρ are two constants. In detail, σ depends on the type of substituent (substituent 
constant) and ρ on the reaction itself (reaction constant). In principle, the term σ can be deter-
mined for any position of the ring, but for the PFTR only the value of the substituent constant 
for the atom in para- position is relevant (σp). This is because the nucleophilic substitution takes 
place in para- position respect to the position of the substituent Y. Accordingly, Kvíčala et al. 
reported that for σp larger than -0.20, the nucleophilic substitution in para- position is favored 
because of a better delocalization of the charges, as depicted in the mesomeric structures in 
Scheme 2.6, pathway A.[88] This is in agreement with Burton et al., who observed this behavior 
for not electron-withdrawing or not powerful electron-donating groups.[90] Due to the electro-
donating effect of the newly introduced nucleophile, no further substitutions are observed after 
the one in para- position. Similarly, the fluorine in para- is the more electron-poor and less 
sterically shielded than the position in ortho- to the non-fluorinated substituent (Y), which is 
why this is the main position involved.[91] 
In contrast to the previous case, if σp is smaller than -0.20, the nucleophilic substitution will 
proceed according to pathway B (Scheme 2.6, bottom). This is valid for powerful electron-




Scheme 2.6 – Schematic representation of the resonance structures for the nucleophilic substitution in mono-
substituted perfluoraromatic compounds. According to the nature of the substituent Y either pathway A or B 
is followed. Mostly, pathway A occurs with the exception of strong electron donor group.[90] The figure is 
adapted from “J. Kvíčala, M. Beneš, O. Paleta, V. Král, J. Fluorine Chem., 2010, 131, 1327−1337”.[88]  
 
In agreement with what above reported, the different selectivity of two different PFP moieties 
during nucleophilic attack has been recently reported in literature.[69] In one case, PFP is di-
rectly attached to an oxygen belonging to an ester group (activated ester), i.e. strong electron-









backbone). The results depict para-substitution in the latter case and multiple substitutions in-
volving both para- and meta- position in the first case as depicted in Scheme 2.7. The reactivity 
of pentafluoro-activated esters is also of high relevance,[93] yet not a topic of this thesis.  
 
 
Scheme 2.7 – PFTR reaction performed in the presence of two different substituents (Y), an oxygen and an 
aliphatic chain. The different reactivity is highlighted in the final product. 
 
Aside studies related to the selectivity of the nucleophilic attack, other fundamental studies 
available in literature address the possibility of a “click”-like behavior for PFTR. In this con-
text, the orthogonality between PFTR and copper-catalyzed azide-alkyne cycloaddition (Cu-
AAC) or thiol-ene reactions have been explored.[94-97] In the first case, if the PFP moiety and 
the triple bond are present on the same molecule, CuAAC needs to be performed first as the 
thiol is reactive towards the triple bond as well.[96] This is not an issue if the azide group is 
present on the polymer rather than the triple bond.[97] For what concern the competition between 
PFTR and thiol-ene reactions instead, no interference has been detected between PFP moieties 
and not-activated double bonds (e.g. allylic groups), independently from the reaction order. 
Ultimately, orthogonality was demonstrated in case of thiol derivatives containing hydroxyl[69, 
98] or carboxylic groups (Chapter 4). However, the criteria to define a ligation as “click reac-
tion” are rather strict,[99] and it has been discussed that the term “click” reaction has been mis-
applied in the recent literature over the more realistic “high efficient reaction”. Furthermore, 
the reactivity of different small molecule thiol derivatives towards PFTR has been explored by 
Noy et al.. In agreement with their relative pKa values, the reactivity follows the order of aro-
matic, glycosidic > primary > secondary > tertiary thiol.[98] An extended version of this study 
covering polymeric thiols and the impact of potential side reactions such as disulfide bond 
formation is discussed in Chapter 4. 
Finally, more relevant is the application of PFTR for material design. Interestingly, PFP moie-
ties show stability under several polymerization conditions, such as anionic polymerization,[100] 
FRP[96] and the previously mentioned types of RDRP[69, 80]. This allows the easy incorporation 
of PFP moiety in the polymer chain as end-group or pendant functionality, which resulted in 
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the synthesis of jelly-fish like[101] and glycopolymers[81, 102] along with the extensive use of 
PFTR as post-modification technique.[69, 94, 95, 98, 103] In similar way, the functionalization of 
both flat and microsphere surfaces has been reported.[104-109] The last examples take particularly 
advantage of the fluorine atoms present in the PFP group. Accordingly, the unique analytical 
power of fluorine permits broader characterization methods such as X-Ray Photoelectron Spec-
troscopy (XPS), Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS), and mostly 
the possibility to follow the reaction via routine analysis such as 19F Nuclear Magnetic Reso-
nance spectroscopy (19F NMR). The latter is discussed in the following section. 
 
19F NMR Spectroscopy  
As shortly mentioned before, the fluorine atom is the most electronegative compound and as 
such bears advantages and disadvantages. Among the advantages, is the added value of orga-
nofluorine compounds, such as thermal stability and improved chemical stability as demon-
strated in different products in the medical,[110, 111] agricultural[112] and material sector.[113] Next, 
19F has a spin nucleus of ½, a high gyromagnetic ratio (γ = 40.1 MHz·T−1)[114] and a natural 
abundance of 100%, which makes 19F an extremely suitable atom for NMR investigations since 
the precession of the nuclei in an external static magnetic field (B0) is described by the Larmor 
frequency (ωL) as follows: 
 
 
The intensity of the resonances in fluorine NMR spectroscopy can be accurately related to the 
number of fluorine atoms responsible for it, allowing the integration of the resonances similar 
to 1H NMR and in contrast to 13C NMR.[115] Moreover, since nine electrons surround the nu-
cleus, compared to a single one in the case of hydrogen, the range of the chemical shifts of 19F 
extends over a range of approximately 500 ppm compared to the 13 ppm of the proton.[115] It 
follows that the chemical shifts in 19F NMR spectroscopy are more sensitive to changes in the 
local environment, providing an extremely valuable tool for structure recognition.[115] In par-
ticular, the sensitivity increases in the order –CF3 < -CF2 < -CF.
[115] Indeed, the single carbon 
to fluorine bond, which includes aliphatic, vinylic and aryl derivatives, expands in the range 
from −70 to −238 ppm.[115] In contrast, -CF2 and -CF3 derivatives have a range of about 50 and 
30 ppm, respectively.[115] Additionally, the resonances of fluorine atoms do not overlap with 
those of carbon or proton, avoiding tedious purification procedure or solvent removal prior to 
analysis. In a similar way, the absence of 19F atoms in naturally occurring biomolecules or in 
most of the commercially available products, allows for a targeted insertion of such atoms in 
 𝜔𝐿 =  𝛾𝐵0 (2.13) 
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custom made position, e.g. the crosslinker molecule for network formation (refer to Chapter 4 
and Chapter 5), the ligand or the protein in chemical biology[110]. Due to the listed reasons, 
attention on the 19F NMR is constantly increasing in the area of chemical biology. One inter-
esting example, is the possibility of investigating intermediate structures during the protein 
folding thanks to the extremely short resolution times (seconds).[110] On the other hand, two 
disadvantages can be faced when using 19F NMR: First, the lack of intrinsic reference peaks 
arising from the residual solvent signal such as CHCl3 for spectra recorded in CDCl3 in a routine 
1H NMR. This leads to the fact that not all the spectra are recorded using CFCl3 as internal 
reference, which can cause confusion and misinterpretation of the data when comparing differ-
ent 19F NMR spectra with each other. Second, even though it is possible to record 19F NMR 
spectra by using the same probes for proton spectroscopy, the probe is made of fluorocarbons 
polymer. This results in a distortion of the baseline, which needs to be taken in account when 
this affects the area of interest in the spectrum.[115] However, the distortion of the baseline can 
be overcome by increasing the concentration of the sample in the NMR tube and via multipoint 
baseline corrections post-analysis.  
In Chapter 4 and Chapter 5, 19F NMR spectroscopy is used for monitoring of the para-fluoro-
thiol reaction. The high sensitivity of fluorine NMR spectroscopy to the local environment 
allows for a clear distinction between ortho-, para- and meta- resonances before the reaction 
from each other and from the ortho- and meta- resonances after PFTR. Additionally, the pos-
sibility of integrating the resonances allows for the quantification of the residual starting mate-
rial compared to the desired PFTR product. In detail, 19F NMR spectroscopy is used in Chap-
ter 4 for an in-depth analysis of the selected para-fluoro-thiolreaction, while in Chapter 5 
the performances of the same reaction are evaluated after its employment, for the first time, 
during network formation. The chemical modification of the fluorinated aromatic ring before 
and after reaction is strategically used to gain information on the crosslinking efficiency. In the 
case of polymer network a gel-phase 19F NMR spectroscopy was used. With the term gel-phase 
one refers to the situation where the sample is constituted of few mg of resin (gel) swollen in 
the desired deuterated solvent. The term gel-phase is used to differentiate the analytical method 
from the solid-state 19F NMR, and allow the use of routine NMR spectrometers, avoiding the 
change of the probe prior to analysis. Positively, few reports have proven the comparability of 
the spectra obtained by gel-phase and solid-state NMR, both qualitatively and quantita-
tively.[116-118] The signal-to-noise ratio is optimized by increasing the amount of resin in the 
probe, insuring a minimum concentration of fluorine atoms of 0.01 mol·L−1 in the NMR tube, 
and the relaxation time up to few seconds, typically 3s.  
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2.3 Network  
The term “network” refers to a three-dimensional assembly of polymeric chains linked together 
by physical or chemical crosslinking points, as displayed in Figure 2.5 (right).[119] The 
properties of the obtained material differ significantly compared to their linear or branched 
counterparts having the same chemical composition (Figure 2.5).[120] For instance, polymer 
networks have a large deformation elasticity (rubber-like behavior) and in contact with a 
solvent swell instead of dissolving.[1] The elasticity and the ability to swell, induced by the 
crosslinking process, is particularly relevant on the industrial scale for disparate applications. 
Furthermore, their insolubility allows for an easy recovery and eventual re-use of the material 
itself after regeneration.[121] Accordingly, polymer networks have found applications as contact 
lenses,[7] drug delivery systems,[12, 122] scaffolds for tissue engineering,[11] rubber tires,[123] 
agricultural products,[124] adhesives,[125] superabsorbents[6] and many more.  
 
 
Figure 2.5 – Examples of different polymer architectures: a linear chain (left), a branched polymer (middle) 
and a polymer network (right).  
 
The applicability of networks at industrial level demands a full understanding of the struc-
ture/performance relationship. In details, two parameters play a major role: chemical composi-
tion and topological structure.[126] The former mainly refers to the monomer selection, and re-
flects, for instance, on the swelling behavior, which depends on the polymer/solvent interaction 
and the degree of crosslinking.[127] Concerning the topology, the schematic representation of a 
network shown in Figure 2.5 depicts an ideal scenario, where the distance between each cross-
linking points is equal throughout the matrix. In reality, this is usually not the case and a series 
of so-called ´ structural defects´ can be present, which change the microstructure of the network 
and as a consequence its macroscopic properties. Different theories, presented in Section 2.3.2, 
have been proposed to describe the impact of these structural changes.[1] However, this is not a 
straightforward process due to the challenges associated with the characterization of insoluble 




preparation conditions such as synthetic strategy, temperature, monomer concentration and 
chemical nature of the crosslinker play a major role in determining the microstructure of the 
formed network, as discussed in Section 2.3.3.[120]  
 
2.3.1 Network Topology 
The microstructure of any network is composed of a series of structural elements. To begin 
with, a polymer network is described as an assembly of polymer chains connected by cross-
linking points, or junctions, which divide the primary chain into meshes. In an ideal network, 
as the one depicted in Figure 2.6 (left), all the meshes possess the same length, and the same 
functionality at the connecting points, f, which is the number of elastic chains per junction.[1] 
Therefore, the resulting three-dimensional structure is characterized by a monodisperse pore 
size distribution. However, ideal networks cannot be synthetically achieved.[120] The direct con-
sequence is an irregular distribution of the meshes due to a random distribution of the junction 
points along the polymer chains. Hence, a real network will present domains, or regions, having 
different crosslinking densities. Additionally, other structural defects may occur such as: i. dan-
gling ends, where the polymer chain is connected to the network structure only by one end, ii. 
cyclic loops, where both ends of the polymer chain are connected to the same junction or iii. 
permanent intermolecular entanglements of elastic chains between different crosslinking 
points.[120] All the listed structural defects are depicted in Figure 2.6 (right).  
Pioneering studies on polymer networks led to the development of equations for describing the 
relationship between the different elements present within the network microstructure. How-
ever, these equations are only valid for ideal networks, and do not take in account any defect.  
 
 
Figure 2.6 – Left: the definition of elastic chain (vel), cycle rank (ξ) and junction having functionality f are 
depicted for an ideal network. Right: defects such as dangling chains (1), cyclic loops (2) and intermolecular 











For instance, the amount of crosslinking is calculated as concentration of elastic chains per 
volume of dry network (vel/
 V0) or as number of crosslinks per volume of dry network (el/ V0). 




Moreover, el and vel are related with each other through the functionality of the crosslinking 
point as shown by[129] 
 
 
Eventually, the (average) molecular weight of the elastic chains between the crosslinking 
points, Mc, is defined as 
 
 
where ρ is the gel density, NA the Avogadro number and V0 the volume of the network.  
The combination of the previous equations, allows the relationship between the crosslink func-
tionalities, the cycle rank and the elastic chain length as reported in equation 2.17.[128] 
 
 
Once defined the relationship between the structural elements, it is important to understand 
how a given microstructure affects the macroscopic properties of the material or, vice versa, 
how an external stimulus modifies the microstructure of the network. For this purpose, the 
equation of state for the network before and after a structural change needs to be written.[1]  
 
2.3.2 Equation of State for Network Systems 
To start with an example of structural changes caused by an external stimulus, one can consider 
that the direct consequence of a gel in contact with a solution is the expansion of its microstruc-
ture (mixing term). However, due to physical constraints (crosslinking points), the network 
cannot expand to infinite (elastic term). Thus, these two opposite forces will balance until an 
equilibrium is achieved.[130] These changes can be expressed in terms of variation of the Gibbs 
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free energy (G) between the gel and the surrounding solution. In a first approximation, known 
as the Frenkel-Flory-Rehner hypothesis, the variation of the total free energy, or more practi-
cally of the chemical potential (), can be considered as the sum of the variation of these two 
terms, and at the equilibrium [131, 132]  
 
 
where the subscript 1 refers to the variation in the chemical potential of the solvent in the gel 
phase, and the chemical potential is the partial derivative of the free energy with respect to the 
moles of solvent, n1, at a given temperature T and pressure p. 
 
 
The mixing term 
The mixing term, mix, refers to the interaction solvent/polymer and it is described by the 
Flory-Huggins theory.[133] This theory is commonly used for describing non-crosslinked poly-
mer in solution, however it can also be applied to networks.[134] The free energy of mixing can 
be expressed by the sum of the enthalphic (H) and entropic (S) components. The formula fol-
lows the liquid-lattice model, meaning that the polymer segments and the solvent molecules 
are considered randomly distributed on a lattice. The variation of entropy is a consequence of 
the increased number of possible conformations that a polymer chain can assume in a diluted 
system.[133] The variation in enthalpy is mainly represented by the quality of the solvent by the 
Flory-Huggins parameter . In general,  is larger than 0.5 for a bad solvent, and it is smaller 
for a good solvent. After statistical treatment, the chemical potential of mixing results in [133] 
  
 
where v2 is the volume fraction of polymer, R is the gas constant, and T is the temperature. 
Even though the assumption that the free energy in a swollen network is identical to the one of 
a polymer in solution is made, the Flory-Huggins theory describes quite successfully the mixing 
energy in non-polar environments, but fails in case of polar systems, where interactions such 

























The elastic term 
The elastic term relates to how the stress, responsible for the macroscopic deformation, is re-
flected on a macromolecular level in the typical microstructure of a network, where chains are 
connected to each other. This term is derived from the theory of rubber elasticity.[131, 133] First, 
it is important to define how all the polymeric chains are connected within the network by 
introducing a new parameter, 𝑟, which is the end-to-end distance of an elastic chain. For a 
polymer network, the end-to-end vector 𝑟 for elastic chains follows a Gaussian type function. 
Second, it is assumed that the elastic free energy of the polymer network is equal to the sum of 
the elastic free energy of each elastic chain.[133]  
Several theories have been developed to interpret the phenomenon, with the affine and the 
phantom theory being the most used ones.[135] In the affine model, developed by Flory, the 
deformations are the same at each length scale as the network can only transform “affinely”. In 
this model, the positions of the junctions are fixed and fluctuations are not allowed due to in-
termolecular entanglements.[131, 133] In contrast, in the phantom network, developed by James 
and Guth, the elastic chains are free to move and the crosslinking points fluctuate around their 
mean position. It is the mean position of the junction points that deforms affinely with the 
strain. However, the magnitude of the fluctuation of each junction around its mean position is 
strain invariant.[136, 137] Both theories describe the chemical potential for the elastic term as 
 
 
where qc is the degree of swelling during the crosslinking process and A is a constant, which 
value depends on the adopted theory. In details, A is equal to 1 for the affine model and to 
(1 − 2/f) for the phantom model, where f is the functionality of the crosslinker. By comparing 
the two theories, one could observe that for a network having a crosslinker with f = 3, the 
variation in the elastic energy predicted by the affine theory is three times higher compared to 
the phantom theory. The difference gets smaller with increasing the crosslinker functionality 
and tends to 0 for f →∞. Despite these two models are the most widely used, none of them 
perfectly describes a real network. These two models are more considered as “case-limit”, and 
the actual fluctuation of the crosslinking points in a real network will assume values in between 
these two extremes. This is because in a real network (Figure 2.6) the junction can be connected 
to either short or long chains, with the latter exercising lower constraints.  
Starting from these models, other theories such as the constrained junction model[138] or the 
tube model,[139] which account for defects in the microstructure, have been considered but the 
complexity of their mathematical solution make them less applicable.[1] Nonetheless, it has 
 










been shown that the phantom network is a good approximation for networks with an interme-
diate degree of swelling (up to ~10),[1] and it is by far the most used model to interpret experi-
mental data. Thus, it will be used in Chapter 5 for the interpretation of the swelling behavior 
of polystyrene networks. 
 
Practical use of the equation of state 
From a practical point of view, the equation of state, commonly referred to as Flory-Rehner 
theory, is used to compare the predicted and the experimental swelling behavior of a polymer 
network given its chemical composition, crosslinking density and the type of solvent the net-
work is swollen in. The deviation of both values is used as a rough indication for estimating 
the amount of defects in the synthesized networks. On the one hand, the presence of defects 
such as primary loops and unreacted functionality will results in higher degree of swelling as 
they contribute to the existence of bigger meshes. On the other hand, the swelling is reduced 
by defects such as entanglements since they act as additional crosslinking points. The swelling 
degree refers to the amount of solvent the network can incorporate in its structure compared to 
the amount of dry gel.[14] The experimental swelling degree (Qeq,exp) can be expressed as mass 
ratio according to equation 2.22. 
 
 
where ms is the mass of swollen network and m0 is the mass of dry polymer. In order to compare 
the experimental and the theoretical value, the equilibrium between the two phases needs to be 
reached. The equilibrium is reached when no variation in the mass of swollen network can be 
recorded for longer swelling time. The theoretical swelling is the value of q for which the elastic 
and the mixing term are equal to each other ( = 0, Equation 2.18). Alternatively, q is identi-
fied as the crossing point between the elastic and the mixing term in Figure 2.7.  
Qeq and q are related by the density of the polymer () and the solvent (solvent) as follows: 
 
 
The impact of the solvent/polymer interaction is visualized by varying the  parameter. In de-
tail, for a given network the better the polymer/solvent interaction the higher the swelling. The 
elastic term is determined by the density of the elastic chain, the degree of swelling during the 
crosslinking process (qc, Equation 5.2) and the model used for interpreting the data (phantom 
or affine model). Hence, when increasing the degree of crosslinking the swelling decreases and, 












in general, lower degrees of swelling are predicted for the affine model compared to the phan-
tom one. In Figure 2.7 the effect of the solvent/polymer interaction (dashed lines) and the de-
gree of crosslinking (solid lines) is highlighted. 
 
Figure 2.7 – The mixing (dashed lines) and the elastic term (solid lines) for polystyrene networks are depicted. 
For the mixing term (equation 2.20) the  value is varied according to the legend. For the elastic term (equa-
tion 2.21) f = 4, so that A = 0.5 (phantom model), while qc = 4 and the density of the elastic chain is determined 
by the degree of crosslinking (DC), which is varied according to the legend. 
 
2.3.3 Synthetic Strategies 
Networks are synthesized starting from solutions composed of monomer, crosslinker and sol-
vent.[120] Some important synthetic parameters are the degree of crosslinking (DC), which refers 
to the molar ratio between the crosslinker and the monomer:  
 
 
and the concentration of monomer during the synthesis, also referred to as the swelling ratio 
during the synthesis, and can be expressed as mass ratio Qsyn. In this thesis Qsyn is calculated as 
  
 
Independently from the adopted synthetic strategy, the network formation proceeds through 
consecutive crosslinking events, which connect different macromolecular chains with each 
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microstructure expand through the whole volume of solvent available (Qsyn). This moment is 
also named gelation point.[140] The crosslinking points prevent the polymer from dissolution in 
the solvent. Indeed, after gelation two phases can be identified: the sol fraction, indicating the 
amount of polymer which is still soluble, and the gel fraction, which refers to the insoluble 
part.[141] Inhomogeneities are the direct consequence of side reactions, unreacted functionalities 
or statistical events occurring during network formation. In this regard, each synthetic strategy 
presents advantages and disadvantages, which will be critically discussed.  
In any case, it has to be defined whether the network is physically or chemically corsslinked. 
In the former, the dissolution is avoided due to physical interaction, such as hydrogen bonding 
or  interactions between the polymer chains,[142] and the linkage is usually reversible. In the 
latter, covalent bonds are present between elastic chains and crosslinking points. In this thesis, 
only chemically crosslinked networks are considered. Accordingly, a polymer network can be 
synthesized via conventional free radical polymerization, reversible-deactivation radical 
polymerization (RDRP) or by using polymer precursor, e.g. curing and end-linking strategy, as 
summarized in Figure 2.8.[120]  
 
 
Figure 2.8 - Overview of the different strategies for the synthesis of polymer networks. In details, polymeri-
zation of a mono- and bi- unsaturated monomer via (a) free radical polymerization or (b) reversible-deacti-
vation radical polymerization (RDRP), e.g. RAFT polymerization. (c) Synthesis of networks starting from 
pre-made polymer precursors: curing and end-linking approach. In both case the polymer chain is reacted 













Free Radical Polymerization 
Free radical copolymerization is by far the easiest and most extensively used method to achieve 
polymer networks. One of the first and most studied system involves the copolymerization of 
a mono and bifunctional vinyl system such as styrene and divinylbenzene (DVB).[143] The 
initiator is added in order to start the process, whether the solvent may or may not be present. 
In the mentioned example, the styrene forms the elastic chains and the DVB the crosslinking 
points. After the initiation step, the growing radicals are present in a solution of monomer or 
monomer plus solvent. At this stage, due to the high dilution of growing radicals, the overlap 
of different polymer chains is more difficult, favoring intramolecular reactions of the pendant 
double bond (cyclization) over intermolecular crosslinking.[120] This seems to result in the 
occurring of gelation at a nanoscale level (nanogels).[144] However, as the polymerization 
continues and new polymer chains are formed, the concentration of polymer chains and so the 
probability of intermolecular reactions increases.[2] The intermolecular reactions between the 
pendant double bond belonging to either a nanogel or a new polymer chain result in the 
formation of microgels. The agglomeration process continues and eventually complete gelation 
is achieved. The process can be seen as the results of the agglomeration of different nano- and 
microgels, each of them having its own crosslink history.[120] Therefore, the network will be 
constitute of highly crosslinked domains in the initial stage and less crosslinked domain in the 
final stage. It follows that the free radical crosslinking process is based on a random process 
and as such does provide limited control over the network architecture. However, the advantage 
of forming network via FRP is the easy set-up, the scalability and the versatility of the concept, 
which can be translated to a wide variety of systems composed of a mono- and a biunsaturated 
monomers (Figure 2.8a). The incorporation of structurally different monomer units in the gel 
microstructure is achievable simply by changing the initial feed. This allows for a one-step 
synthesis of a network with different properties, which are the combination of those of the 
monomers used.  
 
RDRP-mediated network formation 
As mentioned in Section 2.1.2, the reversible-deactivation radical polymerization (RDRP) tech-
niques emerged as a powerful tool towards the synthesis of more defined polymer chains. Since 
their development in the mid−1990s, not only linear chains but also more complex architectures 
have been synthesized by RDRP, including polymer networks. Indeed, in a pioneering work, 
Ide and Fukuda investigated the use of RDRP on the crosslinking process of styrene with divi-
nylbenzene.[145] Starting from this study, many more were reported in the following year,[146] 
including kinetic studies performed both experimentally and via kinetic Monte Carlo (kMC) 
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simulation.[147] Practically, some differences have been observed when networks are synthe-
sized via RDRP such as delay in the gelation point and higher degrees of swelling. The general 
claim is that when the network is synthesized via RDRP, there is no formation of nanogels in 
the initial phase of the polymerization, thus leading to more homogeneous networks compared 
to conventional FRP.[2, 148-150] This hypothesis arises from the fact that in RDRP the termination 
events are mostly suppressed and the growth of the radicals is constant throughout the polymer-
ization. Moreover, during the so-called “dormant period”, when the radical is not active, the 
polymer chain has time for diffusion, process that might favor inter- over intramolecular reac-
tions.[120] However, it has to be mentioned that cyclization are not completely avoided and some 
degree of heterogeneity are still present in the network microstructure. Indeed, despite the 
growing number of publications and investigations employing different analytical tools such 
as quantification of the chemical conversion,[145] rheology[149] and light scattering,[144] several 
contradictive opinions can be found in literature regarding the mechanism of network formation 
via RDRP and FRP.[2, 146] Mostly, none of the previous studies allow for a certain conclusion 
on whether the mechanism is truly beneficial.[146] Additional information on this topic are dis-
cussed in Chapter 3. 
 
Polymer precursors 
Herein, the formation of the network is achieved via a two-steps approach. Firstly, the polymer 
chains are synthesized, and subsequently the crosslinking event occurs by mixing the precursor 
polymer and the crosslinking agent. Within this context, two strategies have been developed, 
named ´curing´ and the ´end-linking´ approach. 
 
Curing 
The term ´curing´ refers to the crosslinking process occurring between a linear polymer chain, 
containing functional groups randomly distributed along the polymer chain, and a crosslinking 
agent (Figure 2.8c).[120]  
The crosslinking agent is an additional molecule, which is able to react with the abovemen-
tioned reactive functional groups. The reaction between the complementary functionalities pre-
sent one on the polymer chain and the other on the crosslinking agent leads to ´curing´ and the 
generation of networks. One of the most common examples within this class is the vulcaniza-
tion of rubbers.[123, 151] In this case, the polymer precursor is an elastomer, e.g. polybutadiene 
(PB) or polyisoprene (PI), containing unreacted double bonds along the polymer backbone and 
elemental sulfur (or a sulfur based compound), which acts as a crosslinking agent. A different 
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polymer precursor can be obtained by the copolymerization of two monomers, only one of 
which is reactive towards the crosslinking agent.  
In terms of their microstructure, it has to be noted that in both synthetic approaches, the cross-
linking points are random distributed along the polymer. This means that the length of the elas-




In contrast to the curing process, the precursor polymer suitable for the end-linking approach 
contains functional groups solely at the end of the chain itself (i.e. -homotelechelic poly-
mer). These specific polymer chains are usually synthesized via RDRP or anionic polymeriza-
tion in order to achieve well-defined linear polymers having a narrow molecular weight distri-
bution and, explicitly, high end-group fidelity. In a second step the -homotelechelic poly-
mers are reacted with a multifunctional linker (f ≥ 3), as shown in Figure 2.8c (bottom right).[120, 
152] The linker constitutes the junction point in the final network, while the polymer precursor 
reflects the elastic chains. Ideally, the mesh distribution and the crosslinking density is constant 
throughout the gel.[152] Thus, the end-linking strategy is often the strategy of choice for funda-
mental studies on polymer networks.[3, 5, 18] In an ´end-linked´ network the average molar mass 




where M is the molecular weight and f is the functionality of the polymer (A) and the crosslinker 
(B), respectively. 
The advantage of this technique is that both, the polymer and the crosslinker, are well-defined 
(macro)molecules. However, during the crosslinking process, each chain does not always react 
with its complementary functional unit on the crosslinker molecule, resulting in dangling chains 
and unreacted functionalities (Figure 2.6). In addition, it is possible that both the functionalities 
of a given elastic chain react with the same crosslinker molecule, originating a primary loop 
(Figure 2.6). Nonetheless, it is widely accepted that the end-linking strategy is the most suitable 
method to achieve model networks, which is an intermediate system between an ideal and a 













2.3.4 Current Challenges 
Current challenges in the field of polymer network concern not only the exploration of methods 
to obtain defects-free networks, but also methods that facilitates the quantification of defects 
where present, as well as the crosslinking efficiency. Herein, a selected overview of few exam-
ples published in the last couple of years is presented.  
 
From parent gels into diversely functionalized daughter gels  
The group of Jeremiah Johnson published in early 2017 about the practicability of tuning the 
mechanical, thermal and swelling properties of a gel by insertion of monomers or monomer 
and crosslinker into an already existing polymer network.[154] The living character is introduced 
into the network system by the trithiocarbonate moiety present on the elastic chain of the pol-
ymer network. The parent network is obtained via azide-alkyne cycloaddition reaction between 
a four-armed polyethylene glycol polymer terminated with dibenzocyclooctyne and a bis-azide 
RAFT agent. Subsequently, the network is immersed in a solution containing the new monomer 
and a photocatalyst. After irradiation of the solution with LED light, the daughter gel is gener-
ated (Figure 2.9).  
 
 
Figure 2.9 – Left: parent gel obtained via crosslinking reaction between the polymer containing the thrithio-
carbonate moiety and the complementary linker. Right: newly synthesized network obtained after introduc-
tion of the new monomer (green) in the parent gel via RAFT polymerization. The figure is adapted from 
reference “M. Chen, Y. Gu, A. Singh, M. Zhong, A. M. Jordan, S. Biswas, L. T. J. Korley, A. C. Balazs, J. A. 
Johnson, ACS Central Science, 2017, 3, 124−134.”[154]. 
 
The presence of the photocatalyst is necessary to ensure a homogeneous growth of the network. 
By varying the exposure times, different networks were obtained, which elasticity decreased as 
the monomer conversion and the swelling degree increased. To overcome this effect, in a par-
allel experiment, the parent gel was exposed to a solution containing monomer, photocatalyst 






similar mechanical properties, but different chemical composition, compared to the parent net-
work was obtained. Finally, the study was further expanded by generating stimuli-responsive 
and healable materials. Even though this study did not investigated the homogeneity of the 
newly formed networks, it provides an exciting example of reprogrammable materials, high-
lighting the applicative power of polymer networks.  
 
Quantification of the crosslinking efficiency  
A commonly reported strategy for the quantification of the crosslinking efficiency is the deg-
radation of the network microstructure, either chemically or photochemically, and the subse-
quent analysis of the obtained soluble fractions.[18, 155-157]  
In 2018 Estupiñán et al. reported a strategy for the quantification of the crosslinking efficiency 
in fluorescent polymer network.[157] Here, the nitrile imine mediated tetrazole-ene cycloaddi-
tion (NITEC) reaction is used as a crosslinking ligation.[158] The polymer network is synthe-
sized via end-linking approach between -tetrazole-capped polystyrene and a trimaleimide 
linker upon UV irradiation. The idea is based on the fact that each ligation point produces a 
fluorescent pyrazoline ring. Thus, quantification is possible via fluorescence analysis upon 
comparison of the results with a pre-determined calibration curve (Figure 2.10).  
 
 
Figure 2.10 – Fluoroscent network and susbsequent cleavage of the network after degradation of the 
trithiocarbonate moiety present on the elastic chain (green square). The quantification of the crosslinking 
point is achieved by measuring the fluorescence of the resulting solution and comparison with an appropriate 
calibration curve. The figure is adapted from reference “D. Estupiñán, C. Barner-Kowollik, L. Barner, 
Angew. Chem. Int. Ed. 2018, 57, 5925-5929.”.[157] 
 
Eventually, two different sets of elastic chains, short and long, were used for network for-
mation. The results suggest that higher percentages of soluble fraction were obtained if short 
elastic chains were employed. Accordingly, for short elastic chains the network is more highly 
crosslinked, probably leading to a less efficient penetration of the UV light necessary for pro-






Despite the approach provides an excellent example of topological insight, an accurate quanti-
fication of the number of crosslinks is possible only after cleavage of the network via aminol-
ysis of the trithiocarbonate moiety, which is still present on the elastic chain, since solid-state 
fluorescence did not provide reliable measurements. Moreover, the authors reported that the 
reagents used for the aminolysis step, such as TCEP, butylamine and in a minor measure acry-
lates, affect the fluorescence intensity and need to be considered when performing the calibra-
tion curve. 
 
In the current thesis the para-fluorothiol reaction (PFTR) is suggested as ligation for the cross-
linking reaction during network formation via end-linking approach. Here, the fluorine atoms 
are specifically located at the crosslinking points. Thus, the identification and quantification of 
the unreacted moieties was performed upon comparison of the intensity of the resonances as-
sociated to the fluorine atoms before and after ligation upon 19F NMR measurements without 
the need of disassembly the network. More details on the PFT reaction and on the resulting 
networks are given in Chapter 4 and Chapter 5. 
 
Counting the loops in polymer networks  
Aside unreacted functionality, the quantification of topological defects such as primary loops 
is desirable. Primary loops are indeed not elastically active chains, and their presence affects 
the mechanical properties of the resulting network.[1] However, the quantification of primary 
loops is not achievable simply from the quantification of the reacted, or unreacted, groups. This 
is because both the end-groups of a primary loop are reacted with two complementary func-
tionality in the crosslinker. The problem is that their rearrangement in the space is not ideal, 
since both the chain ends are connected to the same junction point rather than to two different 
ones (Figure 2.6). For the purpose, a work in collaboration between the laboratories of Johnson 
and Olsen at Massachusetts Institute of Technology (MIT) established the network disassembly 
spectrometry (NDS) strategy as a tool for accessing the number of primary loops, and thus 
examine the impact of these defects on the mechanical properties of the resulting materials.[18] 
In a similar fashion to the work of Estupiñan et al., after reaction of the elastic chains with a 
three functional crosslinker, the network is disassembled via cleavage of the labile group. The 
difference, however, is that the position of the labile group is not in the middle of the chain. 
This is because the goal is to obtain two distinguishable products named a short and a long 
fragment (S and L, respectively) upon cleavage. The necessity of an asymmetric cleavage is 
depicted in Figure 2.11, and based on the fact that a fully reacted junction can originate the 
combination LLL, SSS, SSL and LLS but a loop can only rise LLS and SSL fractions. Thus, 
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the ratio [LLL]:[LLS] relates a quantity only possible for an ideal network (LLL) with one 
possible to both an ideal network and primary loops (LLS). The higher the amount of loops, 
the higher is the LLS fraction, the lower is the above defined ratio. It follows that the value of 
the [LLL]:[LLS] ratio can be correlated to the amount of primary loops, as depicted in the graph 
in Figure 2.11 (right). Their findings revealed that the higher the dilution of the monomer dur-
ing the synthesis, the higher the probability of forming primary loops, and that the gel is not 
formed if the network junctions contain more than 30% of primary loops.  
 
 
Figure 2.11 – Left: Representation of the concept used for the quantification of the amount of primary loops 
within the network. Right: Plot correlating the value of the [LLL]:[LLS] ratio to the fraction of primary loops 
based on the statistical analysis of the soluble fractions after degradation. The figure is adapted from “H. 
Zhou, J. Woo, A. M. Cok, M. Wang, B. D. Olsen, J. A. Johnson, PNAS, 2012, 109, 19119−19124”.[18]  
 
Later on, the two working groups expanded their approach to the quantification of secondary 
loops, with a revised version of the NDS strategy.[17] Moreover, they developed a new elasticity 
theory termed “real elastic network theory” (RENT), which accounts for the presence of topo-
logical defects.[4] As previously mentioned, primary loops affect the elasticity of the network, 
as they are not elastically active. However, they suggested that the impact of defects on the 
elasticity is lower when increasing the loop order (e.g. secondary instead of primary loops) or 
the distance of a considered chain from the loop itself.[17] In addition, they correlated the cross-
linker functionality (f) to the amount of loops formed. The results suggest that a crosslinker 
possessing odd functionality is more likely to generate primary loops, while for even values of 
f the secondary loops were more probable.[5] Ultimately, it was proposed that a step-wise addi-
tion of the crosslinker during network formation is an efficient synthetic approach to minimize 
the amount of loops in the final product.[16] 
 
1H NMR relaxometry 
An alternative strategy to analyze the network topology is to investigate the network mobility 

























measurements are performed on the network and do not require any additional synthetic step, 
e.g. no disassembly. The driving force for the use of 1H NMR relaxometry is that the transverse 
relaxation decay (T2) is sensitive to the mobility of the protons.
[159] Since a network is composed 
of structural elements presenting different mobilities, e.g. elastic chains (the mobility depends 
on the chain length: the longer the more mobile), dangling ends (mobile) and crosslinking 
points (rigid), T2 relaxation measurements appear to be a suitable method for this purpose.
[159]  
The applicability of the concept is shown, for example, in the work of Höpfner and coworkers, 
where low-field 1H NMR is employed for the analysis of cross-linked polyelectrolytes.[160] Typ-
ical values for T2 are in the scale of seconds for fluids, and of s to ms for polymers. Thus, a 
general procedures for this specific NMR measurements require the use of echo techniques, 
MSE and CPMG/XY16 sequences in order to track the full relaxation decay.[160] After subtrac-
tion of the solvent signal from the raw data, and normalization of the data points, a typical 
transverse relaxation decay for a poly(sodium acrylate) hydrogel having DC = 3 is reported in 
Figure 2.12. Since the networks are a complex matrix, the relaxation decay (Figure 2.12, left) 
are often deconvoluted by using an Inverse Laplace Transformation (ILT, Figure 2.12, right) 




Figure 2.12 – Left: Full T2-relaxation curve for a poly(sodium acrylate) network with DC = 3. Right: Decon-
volution of the relaxation decay by using Inverse Laplace Transformation (ILT) showing the distribution of 
the relaxation rates 1/T2.  
 
In their work, the effect of the crosslinking degree and the swelling ratio during the synthesis 
were investigated.[9, 161]. It was found that, the higher the crosslinking degree the shorter is the 
relaxation time. This is in line with the expectations as the higher DC, the higher the junction 
density and thus the more are the constraints, which limits the mobility of the chains. Similarly, 
reducing the amount of solvent during the crosslinking process led to a more rigid material, 
probably due to a higher percentage of entanglements. Later on, Arens et al. observed a bimodal 














































distribution of the relaxation decay for surface crosslinked and interpenetrating networks, in 
agreement with the two main domains present within the sample, each of them having a differ-
ent DC. The latter example clearly displays the potential of the analytical method.[161] 
In the current thesis, 1H NMR relaxometry was used to investigate the mobility of the networks 
synthesized via RAFT mediated polymerization of acrylic acid and N,N´-
methylenebisacrylamide (MBA) to tackle some of the still open questions regarding the 
differences between FRP and RDRP mediated network formation starting from a mono- and 
bifunctional monomer. The experimental procedure and the equation used for processing of the 
raw data can be found in Section 7.2 
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2.4 Hydrogels  
Hydrogels are a particular class of polymer networks able to swell in water. A breakthrough in 
the history of hydrogel is the discovery of Wichterle and Lim in 1960.[162] In their report, poly 
(2-hydroxyethyl methacrylate) (PHEMA) was crosslinked in water yielding a soft, clear, elastic 
gel able to swell in water. The gel revealed compatibility with living organisms, opening the 
venue for the modern contact lenses and suggesting the application of hydrogels in the biomed-
ical field.[7]  
The ability to swell in water is guaranteed by the presence of functional groups such as –OH, -
NH2, -COOH, -CONH2 and –SO3H within the gel.
[163] The crosslinking process can occur via 
physical or chemical interaction. In principle, all the synthetic strategies mentioned in Sec-
tion 2.3.3 can also be applied for hydrogels. Common synthetic polymers used for hydrogels 
fabrication are the previously mentioned PHEMA, poly(vinyl alcohol) (PVA) and poly(eth-
ylene glycol) (PEG).[164]  
Next, hydrogels able to change their structure as a response to environmental stimuli have been 
developed and defined as stimuli responsive hydrogels. In details, light, temperature and mag-
netic fields are considered physical stimuli, while pH or ionic factor are termed chemical stim-
uli.[165] Furthermore, the response to biochemical stimuli such as enzyme or antigen is of high 
interest for pharmaceutical, and in general biomedical, applications.[166] 
Concerning the application, hydrogels that contract or relax upon electrochemical stimuli are 
investigated for functioning as human muscle and tissue.[167, 168] Moreover, hydrogels can be 
applied for the removal of highly toxic heavy metal ions from water, [8] for food packaging[169] 
and in the cosmetic industry.[13] Finally, several reports that critically reviewed the use of hy-
drogels as drug delivery system are available in the literature,[122] where important factors are 
the drug loading, and the time over which the drug is released. 
Eventually, superabsorbent polymers (SAPs) represent a special class of hydrogels.[6] Hydro-
gels belonging to this subclass are mostly composed of crosslinked polyelectrolytes such as 
poly(sodium acrylate), which will be discussed in the following section.  
 
2.4.1 Polyelectrolytes  
The term polyelectrolytes refers to a polymer having fixed charges along the chains. The pres-
ence of these charges allows for the absorption of large amount of water, up to 1000 times the 
weight of the network itself.[170] The charges can be introduced prior or post synthesis, by using 
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charged monomers or changing the pH of the surrounding solution. For example, when using 
poly(acrylic acid) (PAA) networks, the fixed charged are obtained by neutralization of the car-
boxylic acid group present on the repeating unit.[171] The first synthesis of crosslinked poly(so-
dium acrylate) (PSA) is reported by Kern in 1938. Later on, several studies regarding the syn-
thesis and properties of such materials were proposed by Kuhn and Katchalsky.[172, 173] 
The biggest market of polyacrylates is their use as absorbents in diapers, which were commer-
cialized first in Japan in the early 1980´s.[171] The global market of superabsorbent polymers 
reached value of around USD 6 billion in 2017, with sodium acrylate covering over three-fifth 
of it (USD 3.5 billion).[174] 
In the current thesis, the use of PSA network as separation agent for the desalination of salt 
water is considered. 
 
Equation of state for polyelectrolytes 
Before moving to the application, it is important to highlight some key differences when deal-
ing with polyelectrolytes rather than not charged networks. Accordingly, the equation of state 
for hydrogels needs to be adjusted in order to consider the effect of the charges. Therefore, the 
variation of the free energy is now given by the sum of the mixing, the elastic and additionally 
the electrostatic term (ionic). At the equilibrium,  
 
 
The mixing term 
The mixing term as described in Section 2.3.2 is mostly capable to describe network in a non-
polar environment, but it fails in polar protic system having oriented interactions such as hy-
drogen bonds.[1] This limit can be overcome by including several new parameters in the equa-
tion. Nevertheless, the mixing term contributes in a minor measure to the overall variation of 
the free energy when ion is present. For this reason, the Flory-Huggins theory is still a good 
estimation for describing the mixing term.[134] 
 
The elastic term 
The high degree of swelling and the presence of charges associated with polyelectrolytes re-
flects to more stretched and stiff chains, respectively. However, this is not considered by the 
Gaussian distribution model of the end-to-end vector distance.[175] A more accurate interpreta-
tion of the experimental values is possible when more complex models, which account for the 
finite extensibility of the chain and a non-Gaussian distribution, are considered e.g. Langevin 
 ∆𝜇 =  ∆𝜇mix + ∆𝜇el  +  ∆𝜇ionic = 0 (2.27) 
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chain statistics.[130, 175] Due to the complexity of the term, which is not straightforward to com-
pute, the experimental data obtained for polyelectrolytes will not be compared with the theory, 
which is why this problem is herein approached only qualitatively.  
 
The electrostatic term 
This term describes the effect of the charges, having them a major role when considering mac-
roscopic deformation such as swelling (Figure 2.13). Indeed, when a charged network is placed 
in contacted with a solution with a salt concentration cs, the mobile charges present in solution 
redistribute themselves between the two phases.[173, 176] The equation for the electrostatic po-
tential can be written as[177] 
 
 
where ci is the concentration of the considered ions (i), while g and l are the solution inside and 
outside the gel, respectively. In Equation 2.28 the approximation of diluted solutions is applied 
and the concentrations, easily measurable experimentally, are used instead of the activities. 
Even though the gel is a semi-dilute system, this approximation is still considered valid.[132]  
In the case of PSA in contact with a NaCl aqueous solution (1:1 electrolyte), at the equilibrium 






where ρ is the density of the dry polymer, v2 the volume fraction of the polymer in the gel and 
M2 the molar mass of polymer per free counter ion. Critically, the value of M2 is not equal to 
the molecular weight of the monomer as it is not possible to charge every unit. Indeed, due to 
the so-called Manning condensation, a minimum distance needs to be present between two 
charged species, [178, 179] which for monovalent ion in water is equal to 7 Å.[180] This character-
istic distance is called Bjerrum length.[178] 
It follows that, the combination of Equations 2.30 and 2.31 with Equation 2.29 results in 
 ∆𝜇ion = −𝑅𝑇𝑉1 [∑𝑐i(𝑔) − 𝑐i(𝑙)] 
(2.28) 
 𝑐Na+(𝑙) ∗ 𝑐Cl−(𝑙) =  𝑐Na+(𝑔) ∗ 𝑐Cl−(𝑔) (2.29) 
 𝑐Na+(𝑙) =  𝑐Cl−(𝑙) =  𝑐s (2.30) 
   









2.4.2 Desalination based on Polyelectrolyte Hydrogels 
The term desalination literally means “removal of salt from”.[181] The importance of desalina-
tion is associated with the high demand of fresh water by the growing population and the high 
availability of seawater (97% of the total water in the world).[181] In the last decades numerous 
studies on the desalination have been performed, which led to the development of efficient 
large-scale used methods. The main classification concerns thermal and membrane-based pro-
cesses, with the latter presenting a lower energy consumption and a simpler set-up. Indeed, the 
process using reverse osmosis membranes covered 63% of the global market in 2011, while the 
thermal multi-stage flash distillation 23%.[181] From the material point of view, the main prob-
lems associated with the thermal process is corrosion, while the one associated with the mem-
brane is fouling. 
Herein, a relative new application for poly(sodium acrylate) (PSA) networks is discussed. In 
detail, in a pioneering work of Höpfner et al., PSA networks have been proved to be a suitable 
material for the desalination of salt water (NaCl solution) in a membrane-free forward osmosis 
process.[182, 183] In the mentioned application, not only the ability of these hydrogels to absorb 
huge amounts of water is beneficial, but the charges present on the polymer chains play a key 
role for the realization of the process.[182] Thus, when a dry gel containing fixed charges is 
placed in contact with a salt solution, the equilibrium established between the two phases is 
qualitatively described by the Donnan effect.[176] Because of the charges present on the elastic 
chain of the polymer network the ion concentration is different inside and outside the gel. It 
follows that uncharged water molecules can freely enter the network structure, while the mobile 
ions are partially rejected due to presence of the fixed charges. The principle is depicted in 
Figure 2.13. It has to be noted that, when the network starts swelling, its microstructure ex-
pands, resulting in a lower charge density. Thus, a new Donnan equilibrium is established and 
more mobile ions enter the gel.[177] Nonetheless, as a result of these ion-interactions, the super-
natant phase will be enriched in salt concentration, while the water within the gel will have a 
lower salt content compared to the starting solution used for swelling.  
 
 









Figure 2.13  – Swelling for polyelectrolytes in contact with a salt solution. Herein, the uncharged water 
molecules can freely enter the network but the mobile ions are partially rejected due to the fixed charges 
present on the network structure (electrostatic repulsion). The figure is adapted from “Höpfner et al., Prog. 
Coll. Polym. Sci. 2013, 140, 247”. [183] 
 
The practical realization of the desalination is achieved by a discontinuous three-step approach, 
as depicted in Figure 2.14. [182] First, the dry PSA gel is mixed with salt water and it is allowed 
to swell. In the current thesis, the salt solution used as initial feed is characterized by an initial 
salt content cs,0 = 10 g·L
−1 (Figure 2.14, step 1). After swelling, the supernatant phase charac-
terized by cs > cs,0 is removed (Figure 2.14, step 2). Finally, the water within the hydrogel, which 
by contrast has cs < cs,0, is squeezed-out by applying an external pressure (Figure 2.14, step 3). 
In a typical experiment, the relative ratio between the swollen polymer and the supernatant 
phase (Qrel) is kept equal to 2. By doing so, the solution is equally distributed (half and half) 
between the gel and the supernatant phase. 
 
 
Figure 2.14 - Practical realization of the desalination based on a discontinuous three step approach using 
polyelectrolyte networks. 1. The dry hydrogel is placed in contact with the solution to swell until equilibrium 
is reached. 2. Removal of the supernatant phase enriched in salt content. 3. An external pressure is applied 
to recover the desalinated water from within the hydrogel matrix. The figure is adapted from “Höpfner et al., 













State of the art 
The preliminary work of Höpfner et al. was focused on establishing the proof of concept for 
the realization of the above described process. The PSA hydrogels were synthesized via free 
radical polymerization with different degrees of crosslinking (DC, from 0.5 – 5 mol%) and 
neutralization (DN, from 0 to 75%). Their findings revealed that the higher DC and DN, the 
better is the salt rejection, qualitatively in agreement with the Donnan theory.[9]  
Later on, Arens et al. studied the impact of different network architectures on the desalination 
performances. The investigation included surface crosslinked PSA networks and interpenetrat-
ing networks and the influence of significantly higher DC, e.g. 30%. Furthermore, quasi-model 
networks obtained via physical crosslinking were synthesized to produce network with differ-
ent pore size or possessing dangling chains.[161] Next, thermally responsive networks were de-
veloped by introducing monomers such as N-isopropylacrylamide into the microstructure as a 
copolymer in the elastic chain or by generating interpenetrating networks, one composed of 
sodium acrylate (SA) and one of N-isopropylacrylamide (NIPAm) as repeating unit. The idea 
is to (partially) recover the desalinated water inside the gel (Figure 2.14, step 3) by inducing 
the structural collapse of PNIPAm networks upon temperature changes. The main results de-
rived from this complex and exhaustive study are:[161]  
i. PSA networks are more suitable for the process compared to the analogous poly(so-
dium methacrylate).  
ii. Interpenetrating networks present better performances compared to the equivalent 
single PSA network obtained via FRP, mostly when the first network is character-
ized by a high DC = 5% and the second by DC = 1 % (higher charge density). 
iii. The presence of dangling chain is beneficial as it increases the charge density. 
iv. The thermal response of PNIPAm networks vanished if more than 10% of SA is 
used as comonomer, while it is preserved in case of interpenetrating networks.  
Additional work was performed to optimize the energetic consumption,[161] which is not dis-
cussed here as the main topic of this thesis is centered on the investigation of different ap-
proaches for network formation with the aim of generating a more homogeneous microstruc-
ture.  
Accordingly, two approaches are investigated: the RAFT-mediated network formation to 
achieve PAA network in a one-step process (Chapter 3), and the end-linking strategy involving 
the use of the para-fluoro-thiol reaction, to allow the quantification of unreacted moieties 








A recent publication of Olsen and Johnson discussed the negative impact of structural defects 
such as loops on the elastic properties of networks.[17] These findings changed the view of syn-
thetic polymer chemists, which are nowadays focused on the development and understanding 
of synthetic pathways for the achievement of more homogenous networks, with the aim of 
maximizing its application potential. Accordingly, the current chapter aims towards the devel-
opment of more defined poly(sodium acrylate) (PSA) networks, which are used as separation 
agent for the desalination of salt water in a membrane-free process.[182]  
On a large scale, both in industry and in laboratories, PSA networks are synthesized via con-
ventional free radical polymerization (FRP).[6] While this strategy is often selected for its sim-
plicity, the synthetic process allow only limited control over the microstructure. According to 
the literature, network synthesized via FRP present both highly crosslinked domains (nanogels) 
and less crosslinked domains.[2] Compared to an ideal network microstructure, this might affect 
the distributions of the fixed charges along the polymer backbone as well as the swellability, 
even if ideal and FRP networks present a similar degree of swelling (refer to Figure 3.1). Charge 
distribution and swellability determine the charge density, and thus the performance of the net-
work towards salt rejection. Therefore, it is of high importance to investigate whether a more 
homogenous microstructure allows for a higher charge density, as depicted in Figure 3.1. 
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Figure 3.1 –Theoretical charge distribution in a network having an inhomogeneous (left) and homogeneous 
(right) microstructure.  
 
For this purpose, in Chapter 2, several approaches have been listed for a more precise synthesis 
of polymer networks (refer to Section 2.3.3): the curing process, the end-linking strategy and 
the reversible-deactivation radical polymerization (RDRP) mediate network formation. 
The RDRP approach is of particular interest, since only minimal changes compared to FRP are 
necessary during the polymerization to obtain the final network. The difference lies solely in 
the addition of an appropriate controlling agent such as a suitable nitroxide, metal complex or 
RAFT agent to the reaction mixture,[120, 148, 184] thus gram scale production, beneficial for the 
application, is still possible. Since the application demand poly(acrylic acid) based networks, 
the RAFT polymerization is, at present, the most suitable RDRP approach (refer to Sec-
tion 2.1.2).  
Accordingly, the influence of a RAFT agent on the crosslinking process, still argued in litera-
ture,[146] was studied in detail. Thereafter, the networks resulting from the RAFT-mediate co-
polymerization of acrylic acid (AA) with N,N´-methylenebisacrylamide (MBA) were charac-
terized via 1H NMR relaxometry and rheology to investigate the mobility of the microstructure 
and the mechanical properties of the network, respectively. Finally, the networks were tested 





    
The results presented in this Chapter are part of a joint publication with Christoph Pfeifer (AK Wilhelm), currently in preparation.  
The 1H NMR relaxometry measurements were performed by Christoph Pfeifer (KIT). The rheological measurements were per-
formed by Dr. Lukas Arens (KIT). The RAFT agent S,S-di((2-methyl)propionic acid) trithiocarbonate (TRITT) was provided by 
Dr. Thomas Gegenhuber (KIT). 
The project was supervised by Prof. Dr. Leonie Barner and Prof. Dr. Manfred Wilhelm. 
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3.1 Model System 
The interest towards RDRP-mediated network formation arise from the established positive 
impact that controlling agents have on the synthesis of linear polymer chains, as they allow a 
linear increase of the molecular weight of the polymer with conversion due to the drastic 
reduction of termination and transfer reactions of the propagating chains. In contrast, the 
propagating chains in FRP are characterized by high and broad molecular weight distribution 
at any stage of the polymerization.  
While the difference in the mechanism of polymerization between RAFT and FRP polymeri-
zation is well known for the synthesis of linear polymer chains, the impact of the controlling 
agent, here a RAFT agent, on the crosslinking process is still debated.[146] Few literature reports 
have already discussed the topic and propose the formation of highly crosslinked nanogels at 
the early stage of the polymerization in case of FRP. [2, 120, 149] Subsequently, the nanogels react 
with each other, leading to an inhomogeneous network characterized by multiple domains hav-
ing different degree of crosslinking (see Figure 3.2). On the other hand, during RDRP mediated 
copolymerization the polymer is expected to grow gradually, generating first highly branched 
chains and eventually turning into a gel. The latter process is claimed to allow for better diffu-
sion of the chains and thus a more homogeneous microstructure in the final network.[144, 149] 
The aforementioned situation can be summarized as depicted in Figure 3.2. 
 
 
Figure 3.2 – Representation of the crosslinking process via FRP (top) or RAFT (bottom) polymerization 
between a mono- (blue) and a bifunctional (red) monomer, in the presence of initiator (green). The RAFT 
agent is represented by a yellow circle (bottom) but for simplicity not reported in the growing chains, while 
the polymer by the solid black lines. In a first approximation the overlap between the polymer chains is 
considered as a crosslinking point, independently of its nature (backbiting reaction, entanglement or cross-
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In the first step, the validity of the aforementioned assumption was herein investigated. For this 
purpose, one possibility is the analysis of the crude mixture via size-exclusion chromatography 
(SEC), specifically at early stage of the polymerization, as the growing chains are still soluble 
(Figure 3.2, second box). Thus, the crosslinking process was performed with and without the 
presence of the RAFT agent, while keeping all the other parameters constant. Noteworthy, in 
order to perform this study on poly(acrylic acid), the use of an aqueous SEC is necessary be-
cause of the hydrophilicity of the polymer. However, due to instrument limitations, only the 
analysis of polymer with Mn < 10
5 g·mol−1 is meaningful (refer to Section 7.2). This is a limi-
tation for the study of the crosslinking process where the molecular weight of the polymer is 
expected to reach higher molecular weight as a consequence of the crosslinking reaction. Ac-
cordingly, to allow measurements of a broader range of molecular weight, the crosslinking 
process was studied on a model system, which can be analyzed via THF SEC.  
The herein reported model system involved the copolymerization of methyl acrylate (MA) with 
1,3-butanediol diacrylate (DAc). Moreover, regardless whether the polymerization refers to 
linear or crosslinked chains, an accurate choice of the RAFT agent in relation to the monomer 
is fundamental for the RAFT polymerization to be efficient (as discussed in Section 2.1.2). To 
test the accuracy of the RAFT agent selection, linear chains were synthesized first, avoiding 
insolubility issues associated with networks. DoPAT was used as RAFT agent for the polymer-
ization of MA, which was performed at 70 °C for 6 h using different molar ratio of MA:DoPAT 
(from 1:100 to 1:1000, refer to Section 7.3). The reaction scheme and the SEC traces recorded 
at the end of the polymerization are reported in Figure 3.3, while a summary of the molecular 
weight and the dispersity index (Ð) of the obtained polymers is reported in Table 3.1.  
 
 
Figure 3.3 – Top: Reaction scheme for the synthesis of poly(methyl acrylate) via RAFT polymerization. Bot-
tom: SEC traces after polymerization using different molar ratios of RAFT agent (DoPAT) to monomer. The 
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Table 3.1 – Overview of the linear poly(methyl acrylate) polymers synthesized, displaying the amount of 
RAFT agent used during the polymerization (molar %), and the molecular weight (Mn,PMA) and the dispersity 







1:100 1.00 4.6 1.1 
1:200 0.5, 6.6 1.1 
1:400 0.25 20 1.2 
1:600 0.17 30 1.3 
1:1000 0.10 48 1.4 
        (a)as determined via SEC based on poly(methylmethacrylate) calibration. 
 
From Table 3.1 and Figure 3.3, it can be concluded that the molecular weight is influenced by 
the amount of the RAFT agent, whereas the dispersity index of the polymer is narrow in each 
case (Ð < 1.5). The dispersity index slightly increases at low molar percentage of RAFT (0.1 
%), which is expected as the control is reduced for longer chains. Overall, the data indicate an 
accurate choice of the RAFT agent respect to the selected monomer.  
Thus, in the next step, the crosslinking process between MA and DAc was investigated with 
and without the presence of DoPAT as RAFT agent. In addition, in order to evaluate the impact 
of the RAFT agent on the final network, the use of two different concentrations of RAFT agent 
during synthesis were tested. In detail, 0.10 and 0.17 mol%, which correspond to a molar ratio 
of 1:1000 and 1:600 (RAFT agent:MA, respectively). In both cases (FRP and RAFT), the 
polymerization was performed using a molar ratio of 1:100 (DAc:MA, corresponding to a net-
work having DC = 1) in dioxane (20 % w/w).  
The reaction scheme is depicted in Scheme 3.1, while more details on the experimental proce-
dure are provided in Chapter 7 (Section 7.3). 
 
 
Scheme 3.1 – Reaction scheme for the synthesis of polymeric networks using methyl acrylate as monomer 
and 1,3-butanediol diacrylate (DAc) as crosslinking agent. The polymerization was performed at 70 °C with 
and without the presence of the RAFT agent (DoPAT). 
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To investigate the polymerization kinetics, the reaction mixture was divided into several vials 
and the reaction was stopped at selected intervals of time. Subsequently, the vials were twisted 
upside down to have a visual feedback for the network formation. Here, the gelation was de-
fined by the moment in which no percolation of the solution was observed after twisting of the 
vial, as displayed in Figure 3.4 (top: FRP, bottom: RAFT with 0.10 mol% RAFT agent). The 
gelation was observed after 40 min for FRP, after 3.5 h for RAFT polymerization using 0.10 
mol% DoPAT, and after 7 h when using 0.17 mol% DoPAT. Hence, a delay in the gelation is 
noticeable for the RAFT process but no particular information concerning the molecular weight 
of the chains are associated with it.  
 
 
Figure 3.4 –The visual feedback for the network formation during the crosslinking reaction was obtained by 
twisting the vial upside down at selected intervals of time. The number on the vial corresponds to the reaction 
time (in minutes) at which the polymerization was stopped. Top: conventional free radical polymerization 
(FRP). Bottom: RAFT-mediated polymerization using 0.10 mol% of RAFT agent (DoPAT). 
 
In order to further investigate the crosslinking process, the vial was opened to determine the 
conversion at each reaction time (refer to Section 7.3, Equation 7.11). After evaporation of the 
residual monomer and dioxane, the reaction mixture was analyzed via SEC.  
The results for the free radical polymerization are depicted in Figure 3.5.  
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Figure 3.5 – SEC traces obtained at different conversion values for the crosslinking reaction between MA 
and DAc via FRP.  
 
According to the SEC trace obtained after 2% conversion (Figure 3.5, black), the polymer is 
defined by a molecular weight equal to 1.5·105 g·mol−1 and Ð = 2.4. These are typical values 
for FRP, where long chains are produced at early stage of the polymerization, here at t = 3 min. 
After 5 min, the conversion is equal to 5% and the SEC trace of the polymer is identical to the 
previous one, confirming the hypothesized crosslinking process represented in Figure 3.2 (top, 
second box). At higher conversion values, the SEC traces show a higher and broader molecular 
weight distribution, as a consequence of the crosslinking and termination reactions. The SEC 
analysis of the polymeric sample corresponding to a reaction time of 30 min, which presented 
a conversion of 32%, was not possible since the significant degree of branching lowered the 
solubility of the product. Finally, the gelation was observed after 40 min. Notably, the gelation 
is not associated with the end of the polymerization, as the polymerization can continue to 
polymerize within the formed network microstructure.  
In the next step, the crosslinking reaction was repeated in the presence of 0.10 mol% of RAFT 
agent. Analogous to the FRP reaction, the samples were analyzed via SEC, and the correspond-
ing SEC traces at different conversion values are reported in Figure 3.6. 
Comparing Figure 3.6 with Figure 3.5 shows a significant difference between the two cross-
linking process (FRP and RAFT mediated). At 3% conversion, achieved here after 5 min, the 
reaction mixture is mainly composed of polymer chains with a molecular weight of 
4500 g·mol−1 and Ð = 1.3 (Figure 3.6, gray line), in contrast to Mn = 1.5·10
5 g·mol−1 (Ð = 2.4) 
for FRP. Next, the reaction was stopped after 20 min, corresponding to 16% conversion, similar 
to FRP. According to SEC, at this stage the solution is formed by narrow dispersed linear chains 
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Figure 3.6 – SEC traces obtained at different conversion values for the crosslinking reaction between MA 
and DAc via RAFT polymerization using 0.10 mol% of DoPAT. 
 
After a reaction time of 40 min and a conversion of 28%, it is possible to notice a shoulder in 
the SEC traces (Figure 3.6, dark red line). The shoulder indicates the presence of a fraction of 
polymer chains with higher molecular weight. Since the bifunctional monomer is present within 
the reaction mixture, the shoulder is a consequence of the crosslinking process, and thus of the 
presence of branched chains. At longer reaction time, no conclusive information is gained from 
the SEC traces. However, it is noticeable that the crosslinking process continues to occur and 
an increasing number of growing chains connect with each other. The gelation occurred after 
3.5 h (Figure 3.4, bottom), at approximately 75% conversion. 
In the last step, the effect of the RAFT agent concentration on the crosslinking process was 
investigated by performing the same reaction using 0.17 mol% of DoPAT. The SEC traces for 
the latter reaction are reported in Figure 3.7. 
 
Figure 3.7 – SEC traces obtained at different conversion values for the crosslinking reaction between MA 
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The first SEC trace in Figure 3.7 (gray line) corresponds to a conversion of 3% and displays 
growing chains having a molecular weight of 3500 g·mol−1 and Ð = 1.3. Despite the similar 
conversion, the polymer chains have a lower molecular weight compared to the previous case, 
which is expected as the amount of RAFT agent was increased. Subsequently, the gradual 
growth of the propagating chains continues. For example, a molecular weight of 
18 000 g·mol−1, previously achieved at 16% conversion (20 min), is now reached at 40 min and 
27% conversion (Figure 3.7, blue line). As before, a shoulder is visible in the SEC trace when 
the main peak presents a molecular weight of ~24 000 g·mol−1 (Figure 3.7, light blue line). This 
value is achieved here at 38% conversion, while the gelation occurred at ~85% conversion.  
The results obtained so far confirm the reaction pathway proposed in Figure 3.2. It was demon-
strated that during the FRP process long chains are present from the early stage of the polymer-
ization (e.g. 3% conversion), while for the RAFT mediated process, only short chains having a 
low and well-defined molecular weight could be detected via SEC analysis, as shown in Figure 
3.8 (left). At approximately 35% conversion, a visual feedback for gelation was observed for 
FRP (Figure 3.4, top), while the branched chains are still soluble in case of RAFT polymeriza-
tion (Figure 3.4, bottom). Moreover, according to SEC analysis, for a given conversion (e.g. 
50%) the lower the amount of the RAFT agent, the higher is the molecular weight of the grow-
ing branched chains Figure 3.8 (right).  
 
 
Figure 3.8 – Comparison of the SEC traces obtained at 3% (left) and 50% (right) conversion during the 
crosslinking reaction between MA and DAc via FRP (gray) and RAFT polymerization with 0.10 (violet) and 
0.17 (light blue) molar percentages of RAFT agent (DoPAT). 
 
Lastly, for the RAFT mediated crosslinking process the gelation is observed after ~75% and 
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Assuming at any stage an equal conversion of the crosslinking agent, a higher number of cross-
linking points occurs in solution in case of RAFT polymerization, because the gelation occurs 
at higher conversions. It follows that a better diffusion between the growing chains during the 
crosslinking process is achievable in the presence of the RAFT agent. The low dispersity index 
of the polymer chains synthesized via RAFT polymerization indicate that the presence of back-
biting and termination reactions is limited.  
In the next step, the aim is to verify whether the difference in the crosslinking process, and the 
gradual growth of the chains, leads to a more homogeneous network structure (Figure 3.2, 
fourth box). For the purpose, it is assumed that the observed differences in the crosslinking 
process are associated with the presence of the controlling agent and are independently from 
the monomer used, as long as the selected RAFT agent is able to control the growth of the 
desired monomer. Thus, the analysis on the final network was performed directly on the tar-
geted poly(acrylic acid) (PAA) networks synthesized via RAFT polymerization, as shown in 
the next section.  
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3.2 Poly(sodium acrylate)  
In this section the RAFT-mediated process is adapted to the synthesis of poly(sodium acrylate) 
networks, suitable for the salt rejection experiments. As before, first the ability of the selected 
RAFT agent (i.e. TRITT) to control the polymerization of the desired monomer was evaluated 
upon synthesis of linear chains. Subsequently, the PSA networks were synthesized using dif-
ferent amount of RAFT agent but the same degree of crosslinking (DC), to focus on the effect 
of the RAFT agent on the final network. Thereafter, the amount of RAFT agent was fixed to a 
desired value and the DC was varied during the synthesis to obtain a variety of PSA networks 
for testing in salt rejection experiments.  
3.2.1 Effect of the RAFT Agent  
Synthesis of linear poly(acrylic acid) 
The synthesis of narrow disperse poly(acrylic acid) is achievable using S,S-di((2-methyl)pro-
pionic acid) trithiocarbonate (TRITT) as RAFT agent.[39] Herein, the polymerization was per-
formed at 70 °C using distilled water as solvent (20% w/w) and 4,4'-Azobis(4-cyanovaleric 
acid) (V-501) as water soluble thermal initiator (Figure 3.9, top). In order to verify the range 
of conditions under which the RAFT agent is able to control the polymerization of acrylic acid 
(AA), different RAFT agent:AA molar ratios, from 1:100 to 1:1000, were tested. After 3 h of 
reaction time, the polymer was analyzed via aqueous SEC, as displayed in Figure 3.9 (bottom).  
 
 
Figure 3.9 – Top: Reaction scheme for the RAFT polymerization of acrylic acid (AA) employing TRITT as 
RAFT agent. Bottom: SEC traces after RAFT polymerization performed using different molar ratio of 
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The SEC traces, reported in Figure 3.9, present a narrow molecular weight distribution 
(Ð < 1.5) for each of the synthesized polymers, indicating that TRITT is a suitable RAFT agent 
for the polymerization of AA as reported in Table 3.2. 
 
Table 3.2 – Overview of the poly(acrylic acid) synthesized using different molar percentage of RAFT agent 







1:100 1 9 1.2 
1:200 0.5 20 1.2 
1:400 0.25 33 1.3 
1:600 0.17 70 1.3 
1:1000 0.1 N/A(b) N/A(b) 
             (a)as determined via aqueous SEC, using poly(sodium acrylate) calibration. 
              (b)not measurable due to instrument limitations 
 
Synthesis of poly(sodium acrylate) based networks 
The achievement of poly(sodium acrylate) networks is based on a two step process: first the 
synthesis of PAA network, and thereafter the neutralization of the carboxylic acid group for the 
introduction of fixed charges.  
As previously mentioned, it is important to first evaluate the impact of the RAFT agent on the 
network formation. Thus, a series of poly(acrylic acid) based networks were synthesized using 
acrylic acid as monomer, and N,N´-methylenebis(acrylamide) (MBA) as crosslinker. The molar 
ratio MBA:AA (expressed as percentage) defines the degree of crosslinking (DC) of the final 
network, according to Equation 2.24. Thus, a series of PAA networks having DC = 1 were 
synthesized using zero (FRP) and different molar percentage of RAFT agent. The reaction 
scheme is reported in Scheme 3.2, while more details about the reaction procedure are available 
in Section 7.3.  
 
 
Scheme 3.2 – Reaction scheme for the synthesis of poly(acrylic acid) networks using N,N´-methylenbisacryla-
mide (MBA) as crosslinker and TRITT as RAFT agent. The polymerization was performed in water (20% 
w/w) at 70 °C in presence of V-501 as initiator, with and without the presence of the RAFT agent (TRITT). 
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Except for concentrations of RAFT agent higher than 0.25%, thus for the 1:100 and 1:200 molar 
ratio, the network formation was successfully achieved in all cases. The network formation is 
visualized in Figure 3.10, where each vial was twisted upside down after polymerization. 
 
 
Figure 3.10 – Reaction mixture after the polymerization of AA (t = 16 h ) in the presence of the crosslinking 
agent (MBA, 1 molar %) either via conventional free radical (FRP, first vial on the left side) or RAFT 
polymerization using different amount of RAFT agent (yellow solutions). The molar ratio of RAFT agent:mon-
omer used is reported on the vials.  
 
It is known that the higher the amount of RAFT agent, the lower is the degree of polymeriza-
tion, and thus the lower is the molecular weight of the final polymer, as shown in Chapter 2, 
(Section 2.1.2, Equation 2.8). However, if the number of monomer units per chain decreases, 
also the average number of crosslinking points per chain decreases. For example, when con-
sidering the 1:100 molar ratio of RAFT agent to monomer, the maximum theoretical length of 
the polymer chain is approximately 100 monomer units. Hundred monomer units in turn means 
an average of one crosslinking agent per chain. Thus, the formation of a branched polymer 
rather than a polymer network is more likely to occur (refer to Figure 3.11), which is why no 
gelation was observed for the 1:100 molar ratio. A similar scenario occurred for the 1:200 molar 
ratio but not for the 1:400 molar ratio when targeting DC = 1. 
 
 
Figure 3.11 – Theoretical number of crosslinking points per chain when using a molar ratio (TRITT:AA) of 
1:100 (left), 1:200 (middle) and 1:400 (right). The crosslinking points are represented by vertical solid lines, 
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To further investigate this phenomenon, an additional network was synthesized using a molar 
ratio of 1:200 (RAFT agent:AA) but double the amount of crosslinker (DC = 2). Since the 
amount of crosslinking points per chain would be equivalent to the network synthesized with a 
1:400 molar ratio and DC = 1, network formation is expected. After polymerization, the net-
work was successfully achieved, indicating the necessity of a minimum number of crosslinking 
points per chain to yield the desired polymer network, as visualized in Figure 3.12. The theo-




Figure 3.12 – Increased number of crosslinking points per chain when using a molar ratio (TRITT:AA) of 
1:200 and DC = 1 (left) or DC = 2 (right). The crosslinking points are represented by vertical solid lines, 
while the RAFT agent is represented by the yellow circle. 
 
Subsequently, all the networks having DC = 1 were extensively washed with water to remove 
the extractables and thereafter dried to calculate the relative amount of network obtained, as 
summarized in Table 3.3.  
 
Table 3.3 – Summary of the PAA networks synthesized in the current section including the molar ratio of 
RAFT agent:AA, the molar % of TRITT, the % of network achieved and the relative reaction code.  
TRITT:AA %TRITT Code %Network 
0 (FRP) 0 FRP-DC1 98 
1:2000 0.05 RAFT005-DC1 98 
1:1000 0.1 RAFT01-DC1 97 
1:600 0.17 RAFT017-DC1 91 
1:400 0.25 RAFT025-DC1 80 
 
From Table 3.3 it is visible that increasing the amount of RAFT agent leads to a lower amount 
of network. This can be related to the gradual incorporation of the growing chains towards 
network formation in the case of the RAFT polymerization, as described in Section 3.1. More-
over, since at a higher concentration of RAFT agent the number of crosslinking points per chain 
is lower, it is more probable that a larger fraction of branched chains is not incorporated in the 
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In summary, it was observed that a minimum amount of crosslinking points per chain is neces-
sary to achieve network formation. Since the amount of RAFT limits the maximum length of 
the polymer chains, and thus the amount of crosslinker per chain, the network formation was 
successfully achieved for concentration of RAFT agent lower than 0.25%. This is not a disad-
vantage as the RAFT agents are typically expensive, thus lowering the necessary amount will 
lower the impact of the approach on the cost of the material.  
Subsequently, the networks were converted into superabsorbent hydrogels by introducing per-
manent charges upon neutralization of the carboxylic acid group. The presence of charges 
strongly influences the ability of the network to absorb water. The neutralization was performed 
by mixing the network with a solution of NaHCO3 ([NaHCO3] = 0.1 mol·L
−1, see Section 7.3). 
The ratio Na+:AA, expressed as percentage, determines the degree of neutralization (DN).  
In principle, the higher the degree of neutralization, and so the amount of charges, the higher 
is the degree of swelling, until the theoretical limit is reached (Manning condensation).[178] In 
order to estimate the effect of charges on the swelling ability, the FRP-DC1 network was swol-
len using a different Na+:AA ratio, targeting a 25%, 50%, 75% or, ideally, 100% degree of 
neutralization. The swellability was evaluated against a solution of sodium chloride 
([NaCl] = 10 g·L−1) after a swelling time of 16 h (overnight), as these are the condition in which 
the salt rejection will be performed. The degrees of swelling at equilibrium are reported in 
Figure 3.13.  
 
Figure 3.13 – Influence of the degree of neutralization (DN) on the swellability. The effect was studied on 
FRP-DC1 as representative network. 
 
As already observed in previous works,[9, 161] an increase in the swellability is visible up to a 
value of DN ≈ 75%, thereafter the increment is negligible. Thus, for the other PAA network 



























degree of neutralization / %
RAFT-mediated Network Formation 
64 
synthesized in the current section, only the degree of swelling (Qeq,exp) before and after neutral-
ization (targeted DN = 100%) is reported in Table 3.4. The values are expressed as mass ratio, 
according to Equation 2.22.  
 
Table 3.4 – Summary of the degree of swelling, at DN = 0 or 100, for poly(acrylic acid) networks synthesizing 
via FRP or RAFT polymerization. 
Network 
Swelling 
(DN = 0) 
Swelling 
(DN = 100) 
FRP-DC1 7.1 ± 0.2 29.1 ± 1.8 
RAFT005-DC1 8.5 ± 0.3 33.3 ± 0.3 
RAFT01-DC1 9.3 ± 1.0 34.0 ± 1.0 
RAFT017-DC1 10.5 ± 0.2 35.9 ± 0.4 
RAFT025-DC1 15.0 ± 0.5 39.2 ± 1.0 
 
As expected, the Qeq is significantly higher (three times) in case of charged network compared 
to the analogous before neutralization, due to the presence of fixed charges along the polymer 
chains. The swelling degrees of the network synthesized via RAFT polymerization are higher 
compared to those made via FRP for both, the charged (DN = 100) and uncharged (DN = 0) 
state. In detail, the water absorbency experiments (Table 3.4) showed that the lower the amount 
of RAFT agent, the lower are the differences in the degrees of swelling between the samples 
synthesized using the FRP or the RAFT polymerization approach. Moreover, despite the low 
amount of RAFT agent used for the synthesis of RAFT005-DC1 (0.05 molar %), the impact 
of the RAFT agent on the swellability is still evident (Table 3.4, second entry).  
An increase in the swellability is associated with variation of the network microstructure, e.g. 
larger mesh size or lower number of entanglements and of highly crosslinked regions, in agree-
ment with the initially proposed reaction pathway (Figure 3.2). However, while it was possible 
to elucidate the difference between the two approaches (FRP and RAFT) at the early stage of 
the polymerization (model system in Section 3.1), precise information about the microstructure 
are difficult to obtain, and cannot be assessed by swelling experiments. Moreover, due to the 
insolubility of complex materials such as polymer networks, the analytical methods available 
for the characterization of the material are limited. 
Despite its insolubility, it is known that a polymer network is composed of more rigid (junction 
points) and more mobile (elastic chains) parts, and that the mobility of the chains is dependent 
on its length with longer chains being more flexible. It follows that, not all protons present 
within the microstructure are equivalent, and as such analyzing the dynamics of the network 
can be an efficient analytical tool to gain insights into the network microstructure. The analysis 
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of the dynamics of the network can be performed via 1H NMR relaxometry, in particular upon 
T2 measurements, since transverse relaxation decay (T2) is sensitive to the mobility of the pro-
tons.[185] Moreover, this possibility was demonstrate also for poly(electrolyte) networks in pre-
vious works.[9, 160] Thus, the RAFT-mediated network as well as the FRP reference were ana-
lyzed via 1H NMR relaxometry, adopting a similar procedure to the one reported in the litera-
ture (refer to Section 7.2),[160] and the results are compared in Figure 3.14. 
More rigidity leads to faster relaxation decay and it is usually associated with a higher degree 
of crosslinking. Here, despite the same amount of crosslinker was used for each network 
(DC = 1), the relaxation decay (Figure 3.14, left) is faster for the network synthesized via FRP 
compared to those synthesized in the presence of the RAFT agent, indicating a more cross-
linked structure for the FRP sample. Moreover, differences in rigidity are observed also within 
the RAFT polymerized samples. As noticeable from the deconvoluted decay plot (Figure 3.14, 
right), the higher the amount of RAFT agent, the higher is the contribution of the mobile parts 
to the relaxation decay. 
 
Figure 3.14 - T2 relaxation curve (left) and deconvoluted decay, using the Inverse Laplace Transformation, 
(ILT, right) for PSA hydrogels having DC = 1 and synthesized either via FRP or RAFT polymerization using 
different amount of RAFT agent (see legend). 
 
As observed during the study of the crosslinking process (Section 3.1), in the presence of larger 
amount of RAFT agent, the chains have a lower amount of crosslinking point per chains, and 
a higher amount of crosslinking points occur in solution (before gelation), due to the reduced 
molecular weight of the chains. Thus, the networks is most likely to present a less densely 
knotted structure, and a higher amount of dangling ends. Independently from the synthetic ap-
proach, each network presents a certain level of heterogeneity in the mobility indicating the 
presence of structural defects.  
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Lastly, the mechanical properties of the synthesized networks were tested to verify whether the 
RAFT agent has a negative impact to the overall rigidity of the network. For this reason, 
rheological measurements were performed (according to the procedure described in Section 
7.2) to obtain: the complex modulus (G*), which indicates the overall resistance of the hydrogel 
to deformation, and the loss factor tan(), which indicates the loss in the elastic behavior due 
to viscous contributions (e.g. dangling ends). Accordingly, low value of tan(are desirable. 
The samples were measured in the “as prepared” state (no purification), using the strain-
controlled rheometer Ares G2 and disk-shaped specimens. The measurements were performed 
in the linear viscoelastic regime (LVE), where G* is independent from the applied strain 
(constant values, see Section  7.2). The reproducibility of the method is demonstrated in 
Section  7.2, while herein the absolute value of the complex modulus (|G*|) at 1 rad/s and 0.1% 
strain was selected as representative quantity to compare different samples with each other.  
In order to evaluate the effect of the RAFT agent on the mechanical properties of the network, 
a stock solution of monomer, crosslinker and solvent (DC = 1, 20% w/w monomer in distilled 
water) was prepared and divided in vials. Afterwards, different amounts of TRITT and initiator 
(molar ratio of TRITT:initiator = 1:0.15) were added and the samples placed at 70 °C overnight 
to perform the crosslinking reaction, and achieve the desired networks. The rheological 
properties of the synthesized networks are reported in Figure 3.15. 
 
Figure 3.15 – Absolute value of the complex modulus |G*|(filled symbols) and the loss factor (tan () (empty 
symbols) for poly(acrylic acid) hydrogels in the “as prepared” state, synthesized via FRP (0% RAFT agent) 
or RAFT polymerization using different molar percentage of RAFT agent, as indicated along the x axis. 
 
The value of |G*| is similar for the PAA networks synthesized using 0, 0.05 and 0.1 molar % of 
RAFT agent, indicating that at these concentrations the presence of RAFT agent does not neg-
atively affect the mechanical properties of the network. However, the values of |G*| decreases 
from ≈1.5·104 Pa to ≈5·103 Pa when higher percentage of RAFT agent (0.25 molar %) were 
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employed (Figure 3.15), while the values of the loss factor (tan ()) are similar in all samples 
and within the expected range for hydrogel (0.01-0.1).[186] The decrease of the |G*| values are 
ascribed to the higher percentage of soluble fractions still present in the specimens, as the meas-
urements were performed in the “as prepared” state. Accordingly, the reduced mechanical 
properties are not necessarily related with the microstructure of the network but more with the 
higher percentage of extractables.  
Overall, the swelling tests, the relaxation decay and the mechanical properties indicate a more 
rigid structure for the FRP samples, partially arising from termination reactions but also from 
a higher number of crosslinking points per chain. Accordingly, increasing the amount of RAFT 
agent leads to network with higher mobility and higher swellability. In order to investigate 
whether this is a positive feature for the application, a library of polymer networks having dif-
ferent degree of crosslinking was synthesized. 
 
3.2.2 Effect of the Degree of Crosslinking 
Herein a variety of PSA networks having different degrees of crosslinking (DC = 0.6 – 5) was 
synthesized in order to vary the macroscopic properties of the networks, e.g. swellability and 
rigidity, before performing the salt rejection experiments. More specifically, a series of 
poly(acrylic acid) networks having a DC equal to 0.6, 1.5, 3 and 5 mol% was synthesized via 
FRP or RAFT polymerization using either 0.1 or 0.25 mol% of TRITT. The different degrees 
of crosslinking are stated in the code of the considered poly(sodium acrylate) network. For 
example, FRP-DC3 indicates a network synthesize via free radical polymerization with a DC= 
3. After network formation, the swelling degree for the fully charged network (DN = 100%) 
against an aqueous solution of 10 g·L−1 of NaCl was investigated, as depicted in Figure 3.16. 
 
Figure 3.16 – Degrees of swelling, expressed as mass ratio, for poly(acrylic acid) hydrogels presenting dif-
ferent degree of crosslinking (DC) and synthesized via FRP polymerization (black symbols) or RAFT 
polymerization using 0.1 (red symbols) or 0.25 (orange symbols) molar percentage of RAFT agent. 
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The degrees of swelling for three different series of PSA networks are plotted in Figure 3.16. 
In each series, the degrees of swelling decrease with increasing the degree of crosslinking (DC). 
Starting from the FRP series (Figure 3.16, black symbols), the degree of swelling (Qeq) varies 
from ~38 to 12 w/w ratio, moving from DC = 0.6 to 5 mol%, in agreement to previously re-
ported literature data and to the higher amount of junction points.[9, 161] The networks containing 
0.1 mol % of RAFT agent (Figure 3.16, red symbols) present higher Qeq for DC = 0.6, 1 and 
1.5 mol% compared to the FRP samples (increment of 10-20%), whereas the values are rather 
similar at DC = 3 mol% and identical for DC = 5 mol%. Moreover, for a fixed degree of cross-
linking (e.g. DC =1.5 mol%) the swellability increases when higher concentration of RAFT 
agent were used during the synthesis. In detail, the value of Qeq varied from ~20 to 30 for 0 and 
0.25 mol% of RAFT agent. For the PSA networks synthesized using 0.25 mol% of RAFT agent 
(Figure 3.16, orange symbols), the differences between the swelling experiments are significant 
up to DC = 3 mol%, while they are negligible for DC = 5 mol%. 
Subsequently, the networks were analyzed via 1H NMR relaxometry, as shown in Figure 3.17 
In detail, the samples presenting 0.1 (top) and 0.25 mol% (bottom) of RAFT agent are com-
pared with the analogous FRP sample having the same targeted DC.  
Similar to the swelling experiments, the differences in mobility are pronounced until DC = 3 
and 5 mol% when using 0.1 and 0.25 molar percentages of RAFT agent, with the RAFT-medi-
ated network being more mobile than the analogous FRP sample (Figure 3.17). As previously 
discussed, an increase in the mobility is associated to a less densely crosslinked structure. More-
over, it is observed that for high degree of crosslinking the networks present a similar relaxation 
decay. It follows that, the difference in mobility associated with lower amount of crosslinking 
points per chain becomes negligible when higher percentage of crosslinker are used during the 
synthesis.  
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Figure 3.17 – Left: T2 relaxation curve (left) and deconvoluted decay using the inverse Laplace Transfor-
mation, (ILT, right) for poly(acrylic acid) hydrogels synthesized via RAFT polymerization (filled symbols) 
using 0.1 (top) or 0.25 (bottom) mol % of TRITT. In both cases the results are compared with an analogous 
network (same DC) but synthesized via FRP (empty symbols). 
 
As a final characterization, the mechanical properties of the networks were tested via rheolog-
ical experiments. According to the 1H NMR relaxometry measurements, the rigidity of the net-
works is expected to increase for more rigid elastic chains, thus for networks with higher de-
grees of crosslinking. The rheological data obtained for the poly(acrylic acid) hydrogels syn-
thesized using a concentration of 0.10 mol% RAFT agent are displayed in Figure 3.18, and 
compared to the analogous FRP samples. Here, the value of |G*| increase from ≈1·104 Pa to 
≈5·104 Pa when moving from DC = 0.6 to 5 mol%, regardless the type of polymerization used 
during the synthesis. Moreover, for DC = 0.6 mol% the |G*| of the poly(acrylic acid) network 
synthesized via RAFT polymerization (red symbol) is lower compared to the FRP analogous 
(black symbol), with values equal to ~8·103 Pa to ~1.1·104 Pa for RAFT and FRP networks, 
respectively. The differences in the mechanical properties are negligible at the other degrees of 
crosslinking tested.  
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The higher rigidity is associated with the increased number of constrains (junction points) in-
troduced by the higher concentration of crosslinking agent when moving from left to right of 
the graph reported in Figure 3.18. Lastly, the value of the loss factor (tan()) are smaller in case 
of RAFT mediated network formation. In principle, this indicates a lower dissipation of energy, 
thus a more ideal behavior of the networks in case of RAFT-mediated polymerization, however 
the differences are minimal and no final conclusion about homogeneity can be made by solely 
evaluating the single values.  
 
 
Figure 3.18 – Absolute value of the complex modulus |G*|(filled symbols) and the loss factor (tan () (empty 
symbols) for networks synthesized either via FRP (black) or RAFT polymerization using 0.10 mol% of TRITT 
(red).  
 
In summary, for the studied system, increasing the degree of crosslinking minimizes the differ-
ences in swellability, mobility and mechanical properties between samples obtained via FRP 
compared to those obtained via RAFT polymerization. Moreover, for a fixed degree of cross-
linking, the differences in the abovementioned properties were more pronounced with increas-
ing the amount of RAFT agent used during the synthesis.  
In order to evaluate how this affects the desalination performances, it is necessary to perform 
salt rejection experiments.  
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3.3 Salt Rejection Experiments 
Salt rejection experiments serve as preliminary data to evaluate the performance of a given 
network during desalination (as explained in Section 2.4.2). The pioneering work of Höpfner 
et al. showed that a high degree of crosslinking is beneficial for the salt rejection as it increases 
the charge density. On the other hand, a low DC reduces the energy necessary to recover the 
water from inside the hydrogel, and the amount of material needed and increases the amount 
of water that can be collected at the end of each cycle.[9] In a complementary work of Arens et 
al., different polymer architectures have been investigated. The results showed that interpene-
trating networks and networks presenting dangling ends led to an improved salt rejection abil-
ity.[161]  
Here, a library of networks synthesized via FRP and RAFT-mediated polymerization were 
tested to evaluate whether the synthesis has a beneficial impact on the charge distribution den-
sity, and thus on the salt rejection ability. The experiments were performed using a Qrel = 2 
(determined from Equation 7.5), so that the brine is equally divided between the gel and the 
supernatant phase. The amount of dry network necessary to achieve these conditions was cal-
culated from Equation 7.6 (refer to Chapter 7, Section 7.2). Next, the poly(sodium acrylate) 
network in its charged state (targeted DN = 100%) was allowed to swell overnight in salt water, 
before analyzing the supernatant phase. The expectation is that, as a result of the salt partition, 
the supernatant phase is enriched in salt content as qualitatively described by the Donnan ef-
fect.[187] Independently from the network microstructure (mean-field model), the performance 
of different gels can be compared according to the percentage of salt rejected as follows: 
  
 
where cs,final is the concentration of salt in the supernatant phase after swelling, and cs,0 is the 
concentration of the initial salt solution used for the experiments. For consistency with previous 
works, the initial salt concentration was equal to 10 g·L−1 of NaCl in water. [9, 161] The salt 
concentration after swelling experiment is evaluated by conductivity measurements, as detailed 
in Section 7.2 (Chapter 7). In general, the salt rejection is expected to increase for high charge 
density,[176] thus for low Qeq, and high DC. 
Firstly, the series of networks synthesized in Section 3.2.1 having the same degree of cross-
linking (DC = 1 mol%) but different amount of RAFT agent was tested, and the results are 
compared in Table 3.5. 
 % 𝑠𝑎𝑙𝑡 𝑟𝑒𝑗𝑒𝑐𝑡𝑒𝑑 (𝑆𝑅) =  
𝑐s,final − 𝑐s,0
𝑐s,0
∗ 100 (3.1) 
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Table 3.5 – Percentage of salt-rejected (% SR) for a series of poly(sodium acrylate) networks having DC = 1 
but a different amount of RAFT agent. For clarity, the values of the swelling at equilibrium are reported 
(Qeq). 
Network % RAFT agent %SR Qeq 
FRP-DC1 0 11.9 29.1 ± 1.8 
RAFT01-DC1 0.1 11.9 34.0 ± 1.0 
RAFT017-DC1 0.17 12.6 35.9 ± 0.4 
RAFT025-DC1 0.25 12.2 39.2 ± 1.0 
 
In terms of absolute values, the percentage of salt rejected is ≈12% for all networks (Table 3.5). 
However, it has to be mentioned that the salt rejection ability was expected to be higher for 
sample with lower Qeq, as, assuming an identical charge distribution, the charge density is 
higher.[176] Thus, when looking at the first two entries (FRP-DC1 and RAFT01-DC1), even 
though the salt rejection percentage is identical, the network synthesized via RAFT polymeri-
zation is a better candidate for the final application. The same 12% of salt rejected in fact is 
associated to a higher Qeq, which means that less material is needed for an equivalent desalina-
tion of the same amount of salt water in case of RAFT01-DC1. An identical situation is visible 
for the last two entries, where even less material would be necessary according to the higher 
values of Qeq. 
Afterwards, the library of PSA networks synthesized via FRP or RAFT polymerization em-
ploying 0.1 or 0.25 mol% of TRITT were analyzed. For an easier comparison of the data, the 
%SR is plotted against the Qeq, as depicted in Figure 3.19. In the same graph, the results are 
compared to theoretical values obtained from the Donnan theory (Figure 3.19, dashed lines).[176, 
183] The experimental details and the calculation of the theoretical values are reported in Sec-
tion 7.2.  
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Figure 3.19 – Salt rejection experiments for networks synthesized via FRP or RAFT polymerization. The 
experimental results (symbols), expressed as percentage of salt rejected, are compared to theoretical values 
obtained from the Donnan theory (lines). 
 
The salt rejection experiments reported in Figure 3.19 shows that no major differences are 
observed between the networks, independently from the selected synthetic approach except for 
few data points. In detail, small differences are noticed at higher degree of swelling (Qeq ≈ 35–
40), where the networks synthesized via RAFT mediated polymerization show an improvement 
in the salt rejection performance. The absolute %SR are approximately 5% higher with respect 
to the FRP samples. This increment can arise either from a better charge distribution or from a 
higher content of dangling ends, already proven to be beneficial to the salt rejection, in case of 
the RAFT-mediated network. However, from the salt rejection experiments it is not possible to 
discriminate between the two cases.  
The dashed lines in Figure 3.19 represent the theoretical values as calculated form the Donnan 
theory. In detail, each line correspond to a membrane with a different degree of neutralization, 
as stated in the legend. Accordingly, from the comparison between experimental with 
theoretical data, it results that the synthesized hydrogels behave similarly to a membrane having 
a degree of neutralization of 25 for most of the samples, and of DN = 35 for the networks that 
showed a better salt rejection (RAFT at high degree of swelling). In each case, the obtained 
degree of neutralizations are lower than the theoretical value. The deviation can be ascribed to 
the Manning condensation and thus to the fact that not all the carboxylic acid groups can be 
neutralized.[178] 
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3.4 Summary 
In the current chapter, the influence of the RAFT agent on the network formation was examined 
in detail. It resulted that the addition of a RAFT agent to the crosslinking process of a mono- 
and a bifunctional monomer led to remarkable differences at early stage of the copolymeriza-
tion. In detail, the presence of the RAFT agent led to the formation of well-defined polymer 
chains (Ð = 1.3), a better diffusion of the chains in the reaction mixture, and a gradual incor-
poration of chains towards gelation, which occurred at ~75% conversion, differently to the 
conventional FRP where the gelation was observed already at ~30% conversion. 
Concerning the macroscopic properties, the RAFT-mediated network presented a higher 
swellability and mobility of elastic chains within the network microstructure compared to the 
FRP networks. In detail, for a given DC, the differences between the two set samples (FRP and 
RAFT) decreased for lower molar percentage of RAFT agent, while for a fixed amount of 
RAFT agent (e.g. 0.1 mol%), the differences became negligible at high degree of crosslinking 
(e.g. DC = 3 mol%). Independently from the synthetic approach, the mobility of the networks 
presented a certain level of heterogeneity according to the 1H NMR relaxometry measurements. 
However since no ideal network was reported in the literature so far, there is no indication on 
how its relaxation decay should appear, and more fundamental research is necessary in this 
direction.  
Notably, the studied macroscopic properties (e.g. swellability, mobility and rigidity) are the 
result of the average properties of the whole sample, and do not give precise information on the 
presence, the identity and the amount of defects within the microstructure. For this purpose, the 
idea of tracing, in the final network, the presence defects occurred during the synthesis is pro-
posed in the next chapters as advanced synthetic and analytical platform for the identification 




In-depth Investigation on 
the para-FluoroThiol 
Reaction 
One possibility for achieving the traceability of defects consists in the use of the recently 
emerging para-fluorothiol reaction (PFTR) as ligation during the crosslinking process for the 
synthesis of networks via the end-linking approach. The location of the fluorine atoms solely 
at the crosslinking points indeed arises the possibility to identify and quantify the presence of 
unreacted moieties via 19F NMR spectroscopy. 
In order to achieve the final goal however, it is important to understand whether the reaction is 
suitable for the purpose. For this reason, particular attention was given to potential side reac-
tions, as they will translate in structural defects during network formation. The side reactions 
investigated involved multiple substitutions on the fluorinated aromatic group, disulfide bond 
formation and potential interference of specific functional groups, for instance the carboxylic 
acid group to mimic the acrylic acid pendant moiety. Furthermore, the effect of the solvent 
polarity and the type and the amount of base, from equimolar to under-stoichiometric amounts, 
on the nucleophilic substitution was considered. As the proposed crosslinking reaction (PFTR) 
should be of broad application, the reaction was studied using different thiol precursors span-
ning a wide range from small molecule to polymeric thiol derivatives. For a better understand-
ing of the reaction events, as well as for assessing the rate coefficients of the main (PFTR) and 
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side (disulfide) reactions, the experimental data were complemented by kinetic Monte Carlo 
(kMC) simulations.  
All the listed reaction conditions were investigated using a simplified model system, i.e. a tri-
functional linker and a monofunctional thiol (star shape architecture), to avoid characterization 
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4.1 Small Molecule Thiol Derivatives 
4.1.1 Model Reaction 
First, an overview of the analytical techniques used to investigate the progress of the para-
fluorothiol reaction (PFTR) is presented on a model system composed of a three-armed fluor-
inated linker and a monofunctional thiol (dodecanethiol, aliphSH). The model system is based 
on a 3+1 reaction to mimic at best the chemistry of the crosslinking points within the network, 
while avoiding characterization limits arising from the insolubility of the network. Since a pre-
vious literature report showed that multiple substitutions have occurred when ester bonds were 
present in the vicinity of the fluorinated group,[69] the fluorinated linker used in the current 
study was explicitly designed without any ester bonds (3PFB, Scheme 4.1). 
As depicted in Scheme 4.1 the thiol (3 eq.) was reacted with the fluorinated linker (3PFB, 1 eq.) 
in THF. In order to start the reaction, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 3 eq.) was 
added to the reaction mixture. The reaction was carried out at ambient temperature, using an 
initial concentration of functional groups equal to 0.15 mol·L-1. At t = 0 and t = 5 min, aliquots 
of the reaction mixture were analyzed via 19F and 1H NMR spectroscopy, size-exclusion chro-
matography (SEC) and high-resolution electrospray ionization mass spectrometry (ESI-MS) to 
confirm the proposed reaction pathway. The reaction is stopped by neutralizing the base with 
an excess of benzoic acid (BA, 6 eq). 
 
 
Scheme 4.1 – Reaction scheme for the para-fluorothiol reaction (PFTR) between dodecanethiol (aliphSH) 
and a fluorinated three-armed linker (3PFB). Top: The main reaction is displayed together with the targeted 
trisubstituted product (3S). Bottom: Possible by-products such as the mono- and disubstituted linker (1S and 
2S, respectively). 
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At first, the crude mixture was analyzed via SEC and ESI-MS to identify the number and type 
of species formed during the reaction and to perform an internal calibration of the SEC for 
further kinetic studies presented in Section 4.1.2. The SEC traces as well as the ESI-MS spec-
trum are depicted in Figure 4.1. At t = 0, the thiol and the linker could be unambiguously 
assigned to the SEC traces with aliphSH appearing at lower molecular weights and 3PFB at 
higher molecular weights. After 5 min of reaction, the peaks corresponding to the thiol and the 
linker decrease in intensity, and simultaneously, new peaks arise at higher molecular weights 
indicating the formation of various PFTR adducts. ESI-MS analysis of the crude reaction mix-
ture after t = 5 min was then conducted in order to identify the products. The main products 
were identified as [M+Na]+ adducts. In the spectrum (Figure 4.1), the mono- (1S), bi- (2S) and 
trisubstituted (3S) linker could be identified. In particular, the targeted [3S+Na]+ appears at 
m/z(exp) = 1229.5774, which is in excellent agreement with m/z (theo) equal to 1229.5753 
(m = 0.0021). A comparison of the experimental and simulated spectra for each adducts is 
reported in Appendix (Figure 8.1). 
 
 
Figure 4.1 – Left: SEC traces of the crude reaction mixture at t = 0 (black) and t = 5 min (blue). Right: 
(+)ESI-MS spectrum of the reaction after 5 min is depicted. The peak were assigned according to the products 
shown in Scheme 4.1. The figure is adapted from Ref. [188] with the permission of The Royal Society of 
Chemistry. 
 
Hence, in the selected sample, the most abundant peak in the SEC trace (Figure 4.1, left, blue 
line) is the one corresponding to the disubstituted linker (2S), suggesting that reaction times 
longer than 5 min are necessary for the conversion to be quantitative. However, due to the 
excellent agreement between the experimental and the simulated spectra (see Appendix, Figure 
8.1), the ESI-MS spectrum shows that only one thiol is present on each fluorinated aromatic 
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the SEC nor the ESI-MS spectrum gave precise information on the exact conversion or on the 
exact position of the aromatic ring (e.g. para) the nucleophilic attack took place.  
In order to further elucidate the above-mentioned reaction characteristics, 1H NMR and 
19F NMR spectra were recorded. For an accurate assignment of the resonances, an aqueous 
work-up of the crude mixture was performed to remove the excess of benzoic acid (BA), used 
for neutralizing the base, and the DBU-BA salt.  
In the 1H NMR spectrum a resonance shift from = 2.68 ppm to = 2.95 ppm was observed 
for the protons adjacent to either the thiol group or to the newly formed Carom–S bond (Figure 
4.2, topmost and bottommost panels, labeled in magenta). In a similar fashion, the protons 
belonging to the CH2 group in -position with respect to the sulfur presents a shift in their 
resonance from  = 1.67 to 1.56 ppm before and after reaction (refer to Figure 4.2). The 
resonances of the other protons of the thiol derivative did not vary significantly due to their 
distance in respect to the fluorinated ring.  
 
 
Figure 4.2 – 1H NMR spectra (CDCl3, 400 MHz) of the reaction mixture at t = 0 and t = 5 min. The spectrum 
after 5 min of reaction is shown as crude reaction mixture (second panel) and after purification (bottom 
panel). Additionally, the 1H NMR spectrum for the DBU-BA adduct is reported as guideline for the peak 
assignment. Mainly the shift of the resonance identified as 1 from  = 2.68 ppm to  = 2.95 ppm implies the 
success of the PFTR. The figure is adapted from Ref. [188] with the permission of The Royal Society of 
Chemistry. 
 
More structural insights were gained when 19F NMR spectra were recorded. A comparison of 
the 19F NMR spectra of the 3PFB linker before and after PFTR is depicted in Figure 4.3. In 
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detail, the resonances for the ortho-, para-, and meta-fluorine atoms of the pristine 3PFB linker 
appear at  = −143.7, −154.2 and −162.3 ppm, respectively.[69] After PFTR, the intensity of the 
previously mentioned resonances decreased, while new resonances at  = −134.7 (m) and 
 = −143.3 (o) ppm appeared, which can be ascribed to those of the new ortho- and meta-
fluorine atoms. Their chemical shifts are in agreement with literature-reported values, confirm-
ing that the substitution has taken place at the para- position.[69] The variation in the chemical 
shifts of the new resonances is due the replacement of an electron withdrawing group (i.e., a 
fluorine atom) by an electron donating group (i.e., the sulfur atom)[115]. Moreover, as for pro-
tons, the fluorine resonances can be quantified, allowing an accurate calculation of the conver-
sion.[115] At any reaction time, the conversion is obtained by comparing the integral of the res-
onances before and after reaction as follows:  
 
 
The resonances of the parent linker need to be in a ratio 2:1:2 (o:p:m), while those of the product 
in a ratio 1:1 (m:o). Importantly, one of the main advantages of using 19F NMR spectroscopy 
is that the resonances do not overlap with those arising from the protons of other compounds 
present in the reaction mixture such as solvent, base or polymer backbone, thus no work-up is 
necessary when recording 19F NMR spectra.  
 
Figure 4.3 –19F NMR spectra (CDCl3, 377 MHz) of the fluorinated aromatic ring before (black) and after 
(blue)PFTR. Before reaction (black, 3PFB) the resonances for the meta- (m), para- (p) and ortho- (o) fluorine 
atoms are present. After PFT reaction (blue) the new ortho- (o) and meta- (m) resonances appear. The 
comparison of the intensity of the resonances before and after reaction is used for calculating the conversion 
according to Equation 4.1. The figure is adapted from Ref. [188] with the permission of The Royal Society of 
Chemistry. 
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4.1.2 Kinetic Study 
General remarks 
Given the same reaction, two important parameters that influence the conversion are the reac-
tion time and the concentration of the species participating to the reaction. This is because the 
reaction rate (RPFTR) is directly proportional to the rate coefficient (kPFTR) of the reaction and 
the concentration of the species involved (thiol and PFB groups).  
 
 
Thus, for higher concentrations the reaction is faster, leading to higher conversion in shorter 
reaction times. Similarly, as the conversion increases over time, the longer the reaction time, 
the higher the conversion.  
The influence of time and concentration is briefly presented for the model reaction. As before, 
the molar ratio between the starting materials and the base is kept equal to 1:1:1 (SH:PFB:base). 
Aliquots of the reaction mixture were taken at multiple time intervals and the base was removed 
by passing the crude mixture through a short column of basic alumina prior to SEC analysis. 
The conversion of the PFTR reaction was calculated from the recorded 19F NMR spectrum 
according to Equation 4.1. The corresponding SEC traces for PFTR performed using an initial 
concentration of thiol groups equal to 0.15 mol·L−1 are depicted in Figure 4.4 (left). Similarly, 
the effect of the concentration was evaluated after a reaction time of 5 min for different con-
centrations of functional group, e.g. [SH]0 = 0.075 mol·L
−1, 0.15 mol·L−1, 0.30 mol·L−1 and 
0.50 mol·L−1 as shown in Figure 4.4 (right). 
 
Figure 4.4 – Influence of time and concentration on the PFTR performed using an initial molar ratio of 
SH:PFB:DBU equal to 1:1:1. Left: The initial concentration is equal to 0.15 M in THF and the time is re-
ported in the legend. Right: The reaction time is set to 5 min and the different concentrations tested are 







































































































 𝑅PFTR(𝑡) = 𝑘PFTR[𝑆𝐻][𝑃𝐹𝐵] (4.2) 
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The effect of time and concentration can be seen not only in terms of functional group conver-
sion but also as product distribution in the SEC traces (refer to Figure 4.4). At longer reaction 
times or higher concentrations, the peak with the highest intensity corresponds to the trisubsti-
tuted product (3S). Accordingly, the peaks corresponding to 1S and 2S disappear faster at 
higher concentrations. In each case, the reaction starts with the appearance of the monosubsti-
tuted species, followed by an increase of the di- and trisubstituted species, parallel to a decrease 
of the 1S. Eventually, the amount of the 2S decreases as all intermediates are transformed in 
the 3S species towards the end of the presented mechanistic study.  
During network formation, reactions are usually performed at high concentrations, which 
means that a fluorinated aromatic group is more likely surrounded by more than one equivalent 
of thiol at a time. Thus, it is important to investigate the reaction outcome when mimicking 
such conditions in order to exclude potential side reactions. Accordingly, PFTR was carried 
out using an excess of thiol compared to the PFB groups (molar ratio of 1:1.5:1.5 = 
PFB:SH:base) in THF and at ambient temperature. In the presented case, the initial concentra-
tion of PFB groups was equal to 0.50 mol·L-1 to mimic the high concentration of both species 
during network formation. After 1 h, 19F NMR spectrum and SEC trace are recorded in order 
to evaluate the presence of multi-substituted species. The results are compared in Figure 4.5.  
 
 
Figure 4.5 – SEC (left) and 19F NMR spectra (right, CDCl3, 377 MHz) before and after PFTR employing 
3PFB and either an equimolar (blue) or an excess (red) of aliphSH. The molar ratio of SH:base is kept equal 
to 1:1 and the [PFB]0 = 0.5 M in both cases. The reported data refer to the analysis of the reaction mixture 
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Here, the 19F NMR spectrum, recorded after PFTR is performed using an excess of thiol (Figure 
4.5, bottom), shows the typical resonances for PFTR (o and m) and a ratio 1:1 between the 
new ortho- and the meta- resonances. This indicates that no additional atoms were involved in 
the reaction except for the fluorine atoms in para- position. As support for this assumption, the 
SEC traces show no peak at a higher molecular weight than the one corresponding to the 3S 
product. The results obtained from 19F NMR spectroscopy and SEC analysis are of high rele-
vance as it proves that the pentafluoro benzyl (PFB) group is also a suitable functional group 
for a selective PFTR, regardless the presence of an oxygen nearby, as no side reactions oc-
curred. 
 
Assessing the rate coefficient via kinetic Monte Carlo (kMC) simulations 
In this subsection, the para-fluorothiol reaction was characterized both experimentally and by 
kinetic Monte Carlo (kMC) simulations in order to assess the rate coefficient. Briefly, kMC is 
a computer simulation based on a stochastic method. During the simulation, a representative 
number of molecules is followed throughout the studied process, and each reaction event is 
selected according to the reaction probability. For numerical accuracy, it is important to have 
a sufficiently high number of initial molecules.[191] 
Mechanistically, the PFTR begins with the deprotonation of the thiol by a base generating a 
reactive thiolate. At this point, the thiolate can either undergo nucleophilic substitution with the 
fluorinated aromatic ring (PFTR), or it can react with a second thiol molecule generating a 
disulphide bond (side reaction). Importantly, the thiolate is not available anymore for PFTR 
after disulfide bond formation has taken place. The disulfide bond formation lowers the yield 
of the main reaction and causes defects when applied to polymer network formation. Therefore, 
in order to understand the impact of the disulfide bond formation on PFTR, the side reaction is 
first studied in an isolated way, e.g. only thiol and base, without a fluorinated linker. The reac-
tion was performed using a molar ratio of SH:base equal to 1:1 and a concentration of thiol 
([thiol]0 = 0.15 mol·L
-1). At specific time intervals, aliquots of the crude reaction mixture were 
analyzed via SEC. The progress of the reaction was monitored by comparing the relative inten-
sity of the peak assigned to the thiol with the one of disulfide, distinguishable in a SEC chro-
matogram. Furthermore, the raw data were used for subsequent kMC simulations and the de-
termination of the rate coefficient of the reaction. As output, the simulated SEC traces are com-
pared to the experimental one, as shown in Figure 4.6. The simulated SEC traces are obtained 
after tuning of the rate coefficient to match with the experimental data. For clarity reasons, it 
must be mentioned that the x- and y-axis of both graphs are changed when the experimental 
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SEC traces are compared to the simulated ones due to the absence of a DRI detector or elution 
volume when simulating the data (see also Appendix, Figure 8.2). 
 
 
Figure 4.6 – Experimental (left) and simulated (right) SEC traces for the disulfide bond formation for 
aliphSH. The reaction is performed with an initial ratio SH:DBU = 1:1 in THF ([thiol]0 = 0.15 mol·L-1). The 
fluorinated linker was not included in the reaction mixture in order to exclusively assess the rate coefficient 
of the side reaction. The figure is adapted from Ref. [189] with the permission of The Royal Society of 
Chemistry. 
 
The results show that for aliphSH, long reaction times, e.g. 24 h, are needed to assess the rate 
coefficient, which is found to be equal to 1.0·10-5 L·mol−1·s−1, indicating that the disulfide 
bond formation reaction is not promoted in the adopted reaction conditions. Next, the same 
thiol was reacted with the three-armed fluorinated linker (3PFB). The PFTR was performed 
using an equimolar ratio between the thiol and 3PFB, using [thiol]0 = 0.075 mol·L
-1. Similar 
to the disulfide bond formation, the reaction was followed both experimentally and by kMC 
simulations. Starting from the experimental data, the conversion of the PFB group is obtained 
via 19F NMR spectroscopy and the data were used as input for the kMC calculations, together 
with the information previously obtained regarding the side reaction. The comparison between 
experimental and simulated results is presented in detail in Figure 4.7 to highlight different 
aspects of the reaction.  
Firstly, the simulated functional group conversion over time (Figure 4.7a, full line) is fully 
comparable to the experimental data, indicating the capability of the model to describe the 
reaction. Next, in Figure 4.7b, is reported the simulated product spectrum, which depicts the 
absolute concentration of each specie over time. According to Figure 4.7b, the effect of the side 
reaction (disulfide) seems to be negligible in the studied conditions. To further confirm this 
hypothesis, the SEC traces showing the evolution of the 1S, 2S and the targeted 3S species as 
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Figure 4.7 – a. Experimental and simulated data are compared in terms of functional group conversion over 
time. b. Simulated product spectrum showing the variation of the absolute concentration of each species over 
time during PFTR c. Experimental and d. Simulated SEC traces at selected intervals of time showing the 
evolution of each specie according to the product spectrum (b). The PFTR reaction was performed at ambient 
temperature, with an initial ratio SH:PFB:DBU = 1:1:1 and [thiol]0 = 0.075 mol·L−1 in THF. The figure is 
adapted from Ref. [189] with the permission of The Royal Society of Chemistry. 
 
The comparison, highlighted in Figure 4.7c and d, shows a good agreement between simulated 
and experimental SEC traces. Thus, it was concluded that the side reaction does not take place 
when the fluorinated linker is present in the reaction mixture. Notably, the model is able to 
predict the experimental data and to follow the evolution of each species during PFTR. The 
rate coefficient for PFTR, performed under the abovementioned conditions, is equal to 
2.5 102 L·mol-1 s-1. The combination of these findings, together with those related to the 
absence of multiple substitutions, makes the PFTR a suitable ligation system for polymer 
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Reactivity of structurally different thiols 
Herein, a selection of commercially available small molecule thiol derivatives were employed 
for PFTR in combination with the three-armed fluorinated linker, 3PFB. The variety of thiols 
was chosen in order to resemble the structure of the polystyrenic thiol employed in section 3.3. 
Accordingly, the aliphatic thiols are intended to mimic the aliphatic backbone of the polymer, 
while the aromatic thiols the pendant benzylic ring derived from styrene (monomer). For each 
category, aliphatic and aromatic, both a primary and a secondary thiol were selected, as de-
picted in Figure 4.8. 
 
 
Figure 4.8 – List of small molecules thiol derivatives used for the kinetic study.  
From left to right 4-methoxy-α -toluenethiol (benzSH), 1-phenylethyl mercaptan (sec-benzSH), dodecanethiol 
(aliphSH) and 2-butanethiol (sec-aliphSH). 
 
The same study presented for aliphSH was repeated for each thiol derivatives shown in Figure 
4.8. Starting from benzSH, the disulfide bond formation was performed under identical 
conditions to those employed for aliphSH. Contrary to the previous case, for benzSH the 
presence of disulfide bond formation is already detectable after 5 min and the rate coefficient 
for the side reaction was found to be equal to 1.5 10-3 L·mol-1 s-1. The experimental and the 
simulated SEC traces are reported in Figure 4.9. 
 
 
Figure 4.9 – Experimental (left) and simulated (right) SEC traces for the reaction of disulfide bond formation 
for benzSH. The reaction is performed using an initial ratio SH:base = 1:1 and a concentration of [thiol]0 = 
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Concerning the other thiol derivatives, it was not possible to quantify the disulfide bond 
formation via SEC analysis due to instrument limitations. Thus, in a first approximation, the 
rate coefficient for the disulfide bond formation, necessary for the kMC simulation, for sec-
aliphSH and sec-benzSH are assumed identical to the one of aliphSH and aromSH, 
respectively. A summary of all the rate coefficients of the disulfide bond formation for each 
thiol is shown in Table 4.1.  
 
Table 4.1 – Summary of the rate coefficients of the disulfide bond formation (kdisulf) and the para-fluoro-thiol 
reaction (kPFTR) for different thiol derivatives. The rate coefficients are assessed via kMC simulations based 
on the experimental data and reported in L·mol-1s-1. The disulfide bond formation was performed using 
[thiol]0 = 0.15 mol·L-1, while PFTR using [thiol]0 = 0.075 mol·L-1. In both cases, THF was used as solvent. 
The table is adapted from Ref. [189] with the permission of The Royal Society of Chemistry. 
Thiol Solvent kdisulf kPFTR 
benzSH THF 1.5∙10-3 2.5∙10-1 
sec-benzSH THF 1.5∙10-3(a) 2.5∙10-1 
aliphSH THF 1.0∙10-5 2.5∙10-2 
sec-aliphSH THF 1.0∙10-5(a) 6.0∙10-3 
(a)in these cases, the experimental evaluation of the disulfide bond formation was not possible due to instrument limitations, thus these 
values are assumed for the kMC simulations 
 
Next, the PFTR was performed in THF using 3PFB and each of the listed thiol ([thiol]0 = 
0.075 mol·L−1). The rate coefficient was assessed by kMC simulation based on the experi-
mental functional group conversion over time, as calculated via 19F NMR spectroscopy. The 
difference in reactivity of the different thiols is depicted in Figure 4.10.  
 
 
Figure 4.10 – Comparison of the functional group conversion over time for structurally different small mol-
ecule thiol derivatives during PFTR. The figure is adapted from Ref. [189] with the permission of The Royal 
Society of Chemistry. 
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The conversion over time plots (Figure 4.10) reveal that the reactivity is higher for aromatic 
thiols and that, in each case, primary thiol derivatives are more reactive than their secondary 
analogues. To summarize, the reactivity follows the order benzSH > sec-benzSH > aliphSH > 
sec-aliphSH. The increased reactivity can be attributed to the inherent acidity of the employed 
thiols, since aromatic thiols are more acidic than the aliphatic derivatives.[192] Even though pre-
vious literature does not determine the rate coefficient for each reaction, a comparable reactiv-
ity trend is observed.[98] A summary of the rate coefficient of the main and the side reaction for 
each thiol is reported in Table 4.1. 
 
4.1.3 Presence of Ester Bonds 
A disadvantage of the current approach is the synthesis of the 3PFB linker via phase transfer 
catalysis (PTC), which requires a strong excess of the fluorinated starting material and results 
in low yield (≈ 35%, refer to Section 7.4). Contrary to that, a reaction involving the same start-
ing material (2,3,4,5,6-pentafluobenzylbromide) and a carboxylic group results in yields of ap-
proximately 90% (see Section 7.4). Hence, the PFTR was studied for the case where pen-
tafluorobenzyl moiety, previously proven to be selective towards the para- substitution only, 
is combined with the presence of an ester linkage, which often leads to multiple substitutions.[69] 
For this purpose, the same molecule containing three carboxylic acid groups was reacted with 
2,3,4,5,6,-pentafluorophenylalcohol in one case and with 2,3,4,5,6-pentafluoro benzyl bromide 
in the second case. The outcome is a linker where the ester bond is connected to a pentafluoro 
phenyl group (3aromCOOPFP) in the former case, and a pentafluoro benzyl group 
(3aromCOOPFB) in the latter case. The chemical structure of the newly-synthesized linkers 
is depicted in Figure 4.11. 
 
 
Figure 4.11 – Chemical structure of the two fluorinated linkers used to investigate the selectivity of the nu-
cleophilic aromatic substitution when the pentafluoro phenyl (left) or benzyl (right) group is directly con-
nected to an ester group (3aromCOOPFP and 3aromCOOPFB, respectively). 
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The PFTR was performed employing aliphSH with either 3aromCOOPFP or 
3aromCOOPFB. For both reactions, the initial molar ratio of SH:fluorinated group:base was 
fixed to 1:1:1. The reactions were performed in THF, with a [thiol]0 = 0.075 mol·L
-1. As before, 
the crude product was analyzed via 19F NMR spectroscopy after neutralization of the alkaline 
reaction mixture. The 19F NMR spectra are reported in Figure 4.12, where they are compared 
to the unreacted linker and the homologous fluorinated alcohol, e.g. pentafluoro phenyl or 
benzyl alcohol.  
 
Figure 4.12 – 19F NMR spectra (CDCl3, 377 MHz) of the 3aromCOOPFP (left) and 3aromCOOPFB linker 
(right) before and after PFTR (black and blue line, respectively). In each case, the 19F NMR spectra of either 
the pentafluoro phenol (bottom panel, left) or pentafluoro benzyl alcohol (bottom panel, right) is reported for 
facilitating the peak assignment in case of cleavage of the fluorinated group. 
 
On the left side are reported the spectra for the PFTR performed in the presence of fluorinated 
phenyl groups. The 19F NMR spectrum after PFTR (Figure 4.12, left, blue line) presents several 
resonances, which could not be assigned in detail due to the absence of data available in the 
literature. However, it is clear that part of the resonances can be attributed to the fluorinated 
linker still connected to the ester bond, due the similarity of the chemical shift with the parent 
linker (Figure 4.12, left, top). On the other hand, some of the resonances are comparable to the 
pentafluoro phenyl alcohol (Figure 4.12, left, bottom), suggesting the cleavage of the ester 
bond. The hypothesis of cleavage is based on literature data, where the PFP moiety directly 
attached to an ester bond is known to act as an activated ester, thus susceptible to cleavage.[93] 
No further detailed investigations have been performed in this direction as the main goal was 
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to perform PFTR in the absence of side reactions or degradation of the functional groups in-
volved. 
A different scenario is observed when the PFTR was performed with a fluorinated linker having 
the same core but PFB rather than PFP functional groups. Herein, the 19F NMR spectrum, re-
ported in Figure 4.12 right, depicts the resonances typical for PFTR at = −134.4 (m) and 
 = −142.8 ppm (o).  
It follows that the presence of just a single carbon between the ester bond and the fluorinated 
aromatic ring is sufficient for PFTR to occur selectively at the para- position. 
As a drawback, the high content of aromatic rings leads to solubility issues in common organic 
solvents such as DMF. This can be easily overcome by switching to an aliphatic, rather than 
aromatic, core structure. Therefore, following a similar procedure to the one adopted for the 
synthesis of 3aromCOOPFB, a three- and a four-armed linker (3COOPFB and 4COOPFB, 
respectively) were prepared bearing an aliphatic core structure (refer to Section 7.4). The ac-
cessibility to a four-armed linker is important for the fabrication of networks, as it resemble the 
four crosslinking point generating upon crosslinking reaction using a bifunctional monomer 
during free radical polymerization (FRP). Thus, only in the case of a four-armed linker a direct 
comparison between the same network synthesized either via the end-linking strategy and FRP 
is possible (more details will follow in Chapter 5). 
To complete the study, the reactivity of aliphSH towards PFTR was investigated using the 
newly synthesized 3COOPFB and 4COOPFB linkers, depicted in Figure 4.13, right. The data 
are compared with those obtained for 3PFB in Figure 4.13, left.  
 
 
Figure 4.13 – Left: Functional group conversion over time for the reaction between aliphSH and either 3PFB, 
3COOPFB or 4COOPFB. Right: Chemical structure for 3PFB, 3COOPFB and 4COOPFB. The reactions 
were performed using an initial molar ratio of SH:PFB:DBU = 1:1:1 and [thiol]0 = 0.075 mol·L−1. 
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As depicted in Figure 4.13, the functional group conversion over time during PFTR is similar 
in all the three reported cases. Small differences are visible only in the first hour of the reaction, 
where a faster conversion of the functional group (para-fluorine atom) was observed when 
using ester bond containing linkers (red and green symbols). This is probably associated to the 
electronegative effect of the ester bond, which may cause the aromatic fluorinated linker to be 
even more electron-poor, thus more susceptible to nucleophilic attack. Nonetheless, the differ-
ences are minor and become negligible with proceeding reaction times (t ≥ 1 h).  
In summary, after elucidation of the reaction mechanism using a model reaction between 
aliphSH and 3PFB, a variety of characterization tools have been presented. Among others, the 
most diagnostic analysis is, with no doubt, the 19F NMR spectroscopy. The first advantage is 
the possibility of analyzing the crude mixture, as no interference of the protons coming from 
the thiol structure or the solvent will occur during the measurements. Moreover, upon 
comparison of the integrals of the resonances arising from the PFTR adduct with those of the 
parent linker, the conversion at any reaction time can be calculated from the 19F NMR spectrum 
using Equation 4.1. In this section, particular attention was set on the selectivity to ensure the 
absence of multiple substitution on the fluorinated aromatic ring, as for network formation it is 
important that the reaction proceed according to the proposed reaction pathway. Thus, after 
having proved the suitability of the pentafluoro benzyl moieties (PFB), the influence of 
different parameters on the reaction rate of the PFT reaction were investigated. For example, 
increasing the concentration of the functional group or the acidity of the employed thiol results 
in faster reaction rates. Moreover, the selectivity of the PFB moieties, in terms of directing the 
nucleophilic attack only to the para position is preserved when ester bond are included in the 
linker core structure (e.g. 3COOPFB). This is particularly relevant as it allows for the synthesis 
of the desired linker through synthetic protocols that allow high yields and mild reaction 
conditions (e.g. esterification). 
The selectivity and the absence of the side reaction during PFTR, as well as the easy quantifi-
cation of the conversion via 19F NMR spectrum, opens the door for the application of the se-
lected ligation to more complex architectures. Thus, in the next section, the performance of the 
reaction when polymeric thiol derivatives are used as nucleophile was investigated.  
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4.2 Polymeric Thiol Derivatives 
4.2.1 Kinetic Study 
Herein, the reactivity of polymeric thiol derivatives towards PFTR was investigated employing 
a polystyrene based polymer. Starting from a commercially available RAFT agent such as 2-
(((dodecylthio)carbonothioyl)thio)propanoate (DoPAT), the polymerization of styrene was 
performed via RAFT polymerization (yielding intermediate PSa). Next, the polymeric thiol 
(PSa-SH) was achieved by removal of the trithiocarbonate group present at the polymer chain 
end. The reaction scheme is presented in Figure 4.14 (top) and the success of the aminolysis is 
shown via SEC and ESI-MS analysis (Figure 4.14, bottom). The molecular weight for PSa, as 
determined by SEC, is 4000 g mol−1 (Ð = 1.1) before aminolysis, and 3800 g mol−1 (Ð = 1.1) 
afterwards, due to the loss of the aliphatic chain and the trithiocarbonate group (Figure 4.14). 
The SEC trace of the polymer is important to show the absence of disulfide adducts after ami-
nolysis, while for a more precise elucidation of the chemical structure, the ESI-MS spectra are 
reported in Figure 4.14 (bottom right, the full ESI-MS spectra in the range m/z = 1500-4000 is 
reported in Appendix, Figure 8.5). The ESI-MS spectra were recorded in negative ion mode, 
thus the molecule is present as [M+Cl]− or [M+I] − adduct. Herein, it can be noticed that the 
difference in mass (m) between two consecutive peaks within the same distribution is equal 
to 104.063, which refers to the molecular weight of the styrene, used as monomer (repeating 
unit). Moreover, when considering PSa with, for instance, 23 repeating units (n), the difference 
in the m/z before and after aminolysis is equal to m = 244.126, corresponding to the molar 
mass of the aliphatic chain and the thiocarbonate group removed during the post-modification 
reaction. This result, in particular shows the success of the reaction and the formation of the 
desired polymeric thiol derivative (PSa-SH). The 1H and 13C NMR spectra of PSa and PSa-
SH were also recorded and are reported in Appendix (Figure 8.3 and Figure 8.4, respectively). 
Here, since the focus is set on understanding the reactivity of polymeric thiol derivatives, pol-
ystyrene was selected as thiol derivative in order to avoid functional groups on the repeating 
unit that might interfere with the PFT reaction. However, the procedure for obtaining thiol 
polymers is generally applicable to polymer produced by RAFT polymerization and not spe-
cific to polystyrene.[55] 
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Figure 4.14 – Top: reaction scheme for the synthesis of the polymeric thiol derivative PSa-SH. Bottom: SEC 
traces (left) and the corresponding (−)ESI-MS spectra (right) for PSa (black) and PSa-SH (red). For the 
ESI-MS spectra: m = 104.061, corresponds to the mass of the styrene and m = 244.126 indicate the loss 
of the aliphatic chain and the trithiocarbonate upon aminolysis. The figure is adapted from Ref. [189] with 
the permission of The Royal Society of Chemistry. 
Table 4.2 – Comparison of the experimental and the theoretical m/z ratio for the peak highlighted in the ESI-
MS spectra in Figure 4.2. Herein, n refers to the number of styrene repeating units in the considered peak 
and m is the difference between the theoretical and the experimental value. The table is adapted from Ref. 
[189] with the permission of The Royal Society of Chemistry. 
 structure n m/z (exp) m/z (theo) m 
 [PSa+Cl]− 23 2780.534 2780.554 0.020 
 [PSa+I]− 22 2768.409 2768.428 0.019 
 [PSa]− 23 2744.559 2744.578 0.019 
 [PSa-SH+Cl]− 23 2536.408 2536.422 0.014 
 [PSa-SH]− 23 2500.433 2500.447 0.014 
 
Additionally, for the polymeric system, the influence of the solvent polarity was explored by 
comparing the functional group (PFB) conversion in THF and DMF. As for small molecule 
thiol derivatives, the disulfide bond formation was first investigated in an isolated way. Here, 
the polymeric thiol and the base (i.e. DBU) were used with an initial ratio of 1:1 and an initial 
concentration of thiol equal to 0.075 mol·L-1. At different reaction times, aliquots of the reac-
tion mixture were analyzed via SEC analysis to evaluate whether there is formation of disulfide 
bond. If present, the heights of the peaks corresponding to PSa-SH and the disulfide were com-
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used to support the experimental data, and to assess the rate coefficient of each reaction. The 
results of both the experimental and the simulated SEC traces are compared in Figure 4.15.  
 
 
Figure 4.15 – Experimental (left) and simulated (right) SEC traces for the disulfide bond formation employing 
PSa-SH as polymeric thiol derivative and using an initial molar ratio of SH:DBU = 1:1 and [thiol]0 = 0.075 
mol·L−1 in THF (red, 24h) or DMF (blue). The figure is adapted from Ref. [189] with the permission of The 
Royal Society of Chemistry. 
 
For the reaction in THF, only minor or no disulfide bond formation was observed after 24 hours 
of reaction time, thus only the 24 h SEC trace is shown in Figure 4.15 (red line). In contrast, 
when performing the same reaction in DMF a small percentage of disulfide is already visible 
after short reactions times, e.g. after t = 5 and 10 min (Figure 4.15, blue lines). The different 
reactivity of the thiolate ion based on the solvent polarity is in agreement with published data. 
The low ability of THF, and other non-polar solvents, to promote reactions involving thiolates 
is reported for other reactions such as thiol-ene and thiol-ester exchange reactions.[193] Moreo-
ver, the kMC simulations indicated that an equilibrium reaction needs to be introduced for the 
disulfide bond formation in DMF at longer reaction times to simulate at best the results obtained 
experimentally. Thus, the rate coefficients were determined for the forward (kdisulf,f) and the 
reverse (kdisulf,r) reactions resulting in kdisulf,f = 1.5 10
-3 L·mol-1 s-1 and kdisulf,r = 1.5 10
-6 s-1, re-
spectively. 
Next, PFTR was performed using an initial molar ratio of SH:PFB:DBU = 1:1:1 and an initial 
concentration of functional group equal to 0.075 mol·L-1, in both THF and DMF. Without per-
forming any purification, except for the removal or neutralization of the base, the crude mixture 
was analyzed via 19F NMR spectroscopy and SEC. The results, in terms of functional group 
conversion (19F NMR) and formation of mono- di- and trisubstituted linker (SEC traces) over 
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Figure 4.16 – Top: Functional group conversion over time for PFTR performed employing PSa-SH, an initial 
molar ratio of SH:PFB:DBU = 1:1:1 and [thiol]0 = 0.075 mol·L-1 in either THF (red) or DMF (blue). Bottom: 
Experimental SEC traces at selected intervals of time (see legend) for the PFTR in THF (left) or DMF (right). 
The figure is adapted from Ref. [189] with the permission of The Royal Society of Chemistry. 
 
Similar to what was observed for the side reaction (i.e. the disulfide bond formation), the reac-
tivity of the thiolate ions towards PFTR is enhanced in DMF. Specifically, when the reaction 
was performed in THF, a maximum of 45% conversion is obtained after 72 h, while the same 
conversion is reached within 1 h when the reaction was performed in DMF. As a comparison, 
after a reaction time of 72 h in DMF, the conversion is equal to almost 90%, which is twice the 
amount achieved in THF within the same time frame. Subsequently, the experimental data were 
compared to the kMC simulations. For the simulation, both the conversion values as obtained 
from 19F NMR spectroscopic analysis and the information previously obtained about the side 
reaction were considered. Moreover, the shielding effect, which is the hindrance of the reaction 
centers due to the substitution degree (SD) of the linker molecule, and the possibility of diffu-
sional limitations were taken into account. In order to include these parameters, apparent rate 

































































































































where kPFTR, app,1, kPFTR, app,2, kPFTR, app,3 are the rate coefficient for the formation of mono- di- and 
trisubstituted linker, respectively. fshielding takes into account the substitution degree of the linker 
and is defined as 1/SD. Moreover, xn,thiol and xn,ligation refer to the number average molecular 
weight of the polymeric thiol derivative and the mono- (1) or di- (2) substituted linker, respec-
tively (for more details on xn,thiol refer to Appendix).  accounts for diffusional limitations aris-
ing from the chain length of the polymeric derivatives. It can assume values from 0 to 1, with 
0 being no diffusional limitation. During this study  was found to be equal to 0.7.  
The results are shown for the reaction in DMF in Figure 4.17, where the fitting between the 
experimental and simulated conversion values over time (left) is displayed together with the 
simulated product spectrum for the reaction performed in DMF (right).  
 
 
Figure 4.17 – Left: experimental and simulated functional group conversion over time for PFTR employing 
PSa-SH and 3PFB using a molar ratio of SH:PFB:DBU = 1:1:1 in DMF. The blue solid line refers to the 
simulation accounting for disulfide bond formation, while the red dashed line to the case where no disulfide 
are considered. Right: simulated product spectrum for the same reaction, obtained via kMC simulations, 
highlighting the concentration of each specie over time during the considered PFTR reaction. The figure is 
adapted from Ref. [189] with the permission of The Royal Society of Chemistry. 
 
In case of polymeric thiol, the product spectrum is of high importance since the molecular 
weight of the disulfide side product is similar to the one of the disubstituted linker (2S). The 
simulated product spectrum reported in Figure 4.17 (right), which shows the variation of the 





























































 PSa-SH model (disulfide)
 PSa-SH model (no disulfide)
 𝑘PFTR,app,1 = 𝑘PFTR,0 (4.3) 
   
 𝑘PFTR,app,2 = 𝑓shielding,1𝑘PFTR,0(𝑥n,thiol𝑥n,ligation,1)
−α
 (4.4) 
   
 𝑘PFTR,app,3 = 𝑓shielding,2𝑘PFTR,0(𝑥n,thiol𝑥n,ligation,2)
−α
 (4.5) 
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concentration of each species present in the reaction mixture, suggests that part of the thiolates 
undergo disulfide bond formation, thus the peak marked as 2S in the experimental SEC traces 
(Figure 4.16) is partially influenced by the disulfide adduct. The theoretical conversion in case 
no disulfide bonds were present is depicted in Figure 4.17 (left, red dashed line), indicating a 
deviation of the experimental data mostly after ≈10 h. Furthermore, to achieve an accurate 
fitting between experimental and simulated results, it was necessary to consider the chain length 
dependency during kMC simulation, while the influence of shielding was negligible. A com-
parison between the experimental and the simulated SEC traces (as obtained from the product 
spectrum in Figure 4.17) are reported in Appendix (Figure 8.8). 
 
Presence of carboxylic groups 
Before screening reaction conditions that can limit the formation of disulfides, the effect of the 
carboxylic group present as a chain-end of PSa-SH (Figure 4.14) was investigated. The reason 
is to understand the applicability of poly(acrylic acid) based polymeric thiol derivatives to-
wards PFTR. Thus, the difference in reactivity between a polymeric thiol having a free (PSa-
SH) and a protected (PSb-SH) carboxylic group as chain end was explored. PSb-SH was ob-
tained by esterification of the RAFT agent (DoPAT) prior to polymerization. The thiol deriva-
tive was isolated following the same procedure adopted for PSa-SH. The chemical structure 
for PSa-SH and the newly synthesized PSb-SH are depicted in Figure 4.18. The full charac-
terization for PSb-SH, such as SEC traces, 1H NMR, 13C NMR and ESI-MS spectra are re-
ported in Appendix (Figure 8.9 to Figure 8.12). As before, the molecular weight for PSb-SH 
was determined via SEC analysis, using a polystyrene based calibration and resulted equal to 
2800 g mol−1 (Ð = 1.1).  
 
 
Figure 4.18  Chemical structure for PSa-SH and PSb-SH, the two polymeric thiol derivatives used in this 
section. The label a and b serve as a reminder of the acid or benzylic group present as second chain-end. 
 
In order to compare the results with those obtained for PSa-SH, PSb-SH was reacted with 
3PFB employing an initial molar ratio of SH:PFB:DBU = 1:1:1 and a [thiol]0 = 0.075 mol·L
-1 
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in both THF and DMF. The conversion values obtained for both polymers are depicted in 
Figure 4.19, while the SEC traces for PSb-SH are reported in Appendix (Figure 8.13).  
 
 
Figure 4.19 – Functional group conversion over time for PSa-SH (red squares) or PSb-SH (black triangles) 
in either THF (full symbols) or DMF (empty symbols). In each case a molar ratio of 1:1:1 between 
thiol:PFB:base and a [thiol]0 = 0.075 mol·L-1 was employed. The figure is adapted from Ref. [189] with the 
permission of The Royal Society of Chemistry. 
 
The results obtained for PSb-SH confirms that the reaction rates are faster in DMF compared 
to THF, highlighting the lower ability of the THF to promote PFTR, independently from the 
presence of carboxylic acid groups. Accordingly, for the reaction performed using PSb-SH, a 
conversion value of approximately 70% is reached within the first hour in DMF but only after 
72h in THF. On the other hand, Figure 4.19 shows that, independently from the solvent used, 
protecting the carboxylic group allows for faster reaction times. Accordingly, upon performing 
PFTR in DMF for 5 min, a conversion of ~65% is achieved if the carboxylic group is protected, 
against ~35% when the free carboxylic group is present on the polymer chain. The difference 
in reactivity can arise from a partial neutralization of the base (i.e. DBU) for PSa-SH due to 
the presence of the acid functionality. 
To further investigate this phenomenon, the results are compared with a commercially available 
small molecule thiol (COOH-SH). The new thiol was reacted with 3PFB while keeping all the 
other parameters identical to the reactions discussed above, e.g. ratio between the functionality 
and solvent used. For a better visualization of the results, a zoom within the first 5 h of the 
reaction is displayed in Figure 4.20.  
The reported data suggest a similar reactivity between the commercially available (blue) and 
the polymeric (red) thiol derivatives. On the one hand, the kinetics for both thiols overlap com-
pletely when THF is used as solvent (filled squares). On the other hand, if DMF is the solvent 
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of choice, the difference in reactivity are visible only within the first hour of reaction, with the 
polymeric thiol giving higher conversions. However, the effect is minimal and becomes negli-
gible after the first hour and for longer reaction times (for the conversion values up to 100 h, 
refer to Appendix, Figure 8.14). 
 
Figure 4.20 – Functional group conversion over time for a polymeric (red) and a small molecule (blue) thiol 
derivative, both containing a free carboxylic acid group as second chain end. The reaction was performed in 
both THF (full symbol) and DMF (empty symbol) using a ratio SH:PFB:base equal to 1:1:1 (square) or 
1:1:15 (triangle). The excess of base is applied only to PSa-SH. The figure is adapted from Ref. [189] with 
the permission of The Royal Society of Chemistry. 
 
Nonetheless, in order to overcome the slower reaction rates obtained with PSa-SH compared 
to PSb-SH, the PFTR was performed using an excess of base, e.g. a molar ratio of 
1:15 = SH:base. The conversion values obtained within the first hour are reported in Figure 
4.20. When using an excess of base, ≈80% of the PFB groups undergo nucleophilic substitution 
after 5 min, similarly to what was observed for PSb-SH, where almost 70% conversion was 
achieved within the same time frame. Notably, the excess of base is generally not a problem 
when performing polymer ligations, as the product can be easily isolated via precipitation. For 
a better comparison, a summary of the rate coefficients, determined via kMC simulations, for 
PFTR and disulfide bond formation concerning the employed polymeric thiol derivatives and 
the commercially available COOH-SH derivative is presented in Table 4.3.  
The fitting between the experimental and simulated functional group conversion over time for 
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Table 4.3 – Summary of the rate coefficient values of the disulfide bond formation (kdisulf) and the para-
fluorothiol reaction (kPFTR) for different thiol derivatives. The rate coefficients are assessed via kMC simu-
lations based on the experimental data and reported in L·mol−1·s−1 with the exception of kdisulf,r which is 
reported in s−1. Each reaction was performed using [thiol]0 = 0.075 mol·L−1. The table is adapted from Ref. 
[189] with the permission of The Royal Society of Chemistry. 
Thiol Solvent kdisulf,f kdisulf,r kPFTR,0(b) 
PSa-SH THF 1.0∙10-5 N/A 2.0∙10-2 
PSa-SH DMF 1.5∙10-3
 
 1.5∙10-6 7.5∙10-1 
PSb-SH THF 1.0∙10-5(a) N/A
 
 1.5∙10-2 
PSb-SH DMF 1.5∙10-3(a) 1.5∙10-6(a) 1.5∙100 
COOH-SH THF N/A N/A. 8.0∙10-4 
COOH-SH DMF N/A N/A. 2.0∙10-3 
(a)assumed identical to PSa-SH 
(b)refer to Equation 4.3 to 4.5 
 
4.2.2 Investigation on Disulfide Bond Formation 
Disulfide bonds are the product of the oxidation of the precursor thiols.[194] As such, two strat-
egies are commonly adopted in the literature to suppress the reaction: the exclusion of oxygen 
from the reaction mixture or the addition of a reducing agent capable to prevent the disulfide 
bond formation and/or to cleave the disulfide bond once it has formed.[195]  
Several reducing agents can be employed for this purpose. Among others, widely used in bio-
chemistry are -mercaptoethanol or dithiothreitol.[64, 196] However, both of above-mentioned 
reducing agents are thiol derivatives, which in this case is a limiting factor as the reactive spe-
cies in PFTR is also a thiol. More suitable instead are phosphine-based reducing agents. In this 
study, tris(2-carboxyethyl)phosphine (TCEP) is used, due to its high efficiency in both basic 
and acidic media.[197]  
In the current study, the combination of oxygen or argon atmosphere and the presence or ab-
sence of the reducing agent during disulfide bond formation performed using PSa-SH and DBU 
was explored. In order to have similar reaction conditions for all the listed options, a molar 
ratio SH:DBU:(TCEP) of 1:15:(6) and an initial thiol concentration [thiol]0 = 0.037 mol·L
-1 in 
both THF and DMF was employed. The presence of the side reaction was evaluated via SEC 
analysis.  
The absence of reducing agent, under atmospheric and inert conditions, did not lead to the 
successful suppression of disulfide bond formation (refer to Appendix, Figure 8.16). This is 
probably because the presence of oxygen is negligible when a strong excess of base is used 
(15 eq.). Contrary, the presence of the reducing agent in the reaction mixture led to a drastic 
reduction of the disulfide formation (refer to Appendix, Figure 8.16). In particular, the use of a 
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reducing agent under inert conditions resulted to be the most promising approach, as demon-
strated by the SEC traces depicted in Figure 4.21, left (red line).  
In the next step, PFTR was performed in presence of the reducing agent to investigate whether 
the generated thiolate is still reactive towards PFTR under these newly found conditions. The 
results, presented in terms of functional group conversion over time, are compared in Figure 
4.21 (right, green squares) with those obtained when the same amount of base but no reducing 
agent is used (Figure 4.21, right, red squares).  
The progress of PFTR in the presence of reducing agent (green squares) is significantly slower 
compared to the case where no TCEP was used (red squares). As concluded from the previous 
section, this is the result of a partial neutralization of the base due to the presence of the car-
boxylic acid moieties on the reducing agent. The TCEP molecule indeed, is composed of three 




Figure 4.21 – Left: experimental SEC traces for the evolution of disulfide bond formation after 1 h of reaction 
time when the reaction was performed using PSa-SH and different equivalents of base, as reported in the 
legend (SH:DBU = 1:15, [thiol]0 = 0.037 mol·L-1 in DMF). Right: functional group conversion over time for 
PFTR using a molar ratio of SH:PFB:DBU = 1:1:15 and different amount of TCEP as highlighted in the 
legend ([thiol]0 = 0.037 mol·L-1 in DMF). The figure is adapted from Ref. [189] with the permission of The 
Royal Society of Chemistry. 
 
Alternative routes to overcome the lower reaction rates of PFTR in the presence of the reducing 
agent are: increasing the amount of base or investigating whether a lower amount of TCEP will 
still block the disulfide bond formation. Even though the removal of the base after the reaction 
is not a problematic step, a strong excess was already used in the proposed procedure. Thus, 
while keeping the molar ratio of SH:DBU = 1:15, different amounts of TCEP were tested to 
find the minimal amount which can prevent the side reaction. As shown in Figure 4.21 (left), 
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bond formation was observed in a time frame of 1 h. For lower amounts however, a small 
percentage of disulfide bond is detectable in the SEC traces. Nonetheless, even for under-stoi-
chiometric amounts of TCEP, the disulfide bonds were cleaved if the reaction time was pro-
longed to 24 h (refer to Appendix, Figure 8.17). This scenario, however, is less ideal for the 
final purpose of polymer network formation.  
Finally, PFTR was performed with a molar ratio SH:DBU:TCEP = 1:15:1 with a 
[thiol]0 = 0.037 mol·L
-1. The kinetics reported in Figure 4.21 (right, light blue squares) show 
that the conversion values obtained are comparable to the case where PFTR was performed in 
the absence of TCEP, with the advantage of avoiding the disulfide bond formation. The SEC 
traces for PFTR using 6, 1 or 0 equivalents of TCEP are reported in Figure 8.18. Despite the 
advantages obtained when using TCEP as an auxiliary agent during the synthesis of three-
armed star and/or block copolymers, its excessive use simultaneously leads to the formation of 
undesired by-products and elaborate synthetic effort to remove TCEP when encased in a poly-
mer network. Thus, before adopting the above-reported procedure, the selectivity between the 
disulfide bond formation and PFTR is explored in supplementary experiments. For a better 
visualization of the results, a different system needs to be employed in order to overcome the 
fact that the disulfide and the disubstituted PFTR product will appear in the same position on 
the SEC trace. Hence, the polymeric thiol derivative was reacted with a monofunctional linker 
(1COOPFB) as depicted in Scheme 4.2.  
 
 
Scheme 4.2 – The selectivity study is performed upon reaction of the polymeric thiol derivative (PSa-SH) and 
a monofunctional fluorinated linker (1COOPFB). PFTR can be visualized as end-capping of the polymer, 
thus the molecular weight does not vary significantly. On the contrary, if disulfides are formed, the molecular 
weight of the polymer is double the original value, which can be easily monitored by SEC analysis. The 
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In the proposed system (Scheme 4.2), if PFTR takes place, which is evaluated via 19F NMR 
spectroscopy, the difference in terms of molecular weight with the pristine polymer is not sig-
nificant enough to show a shift in the SEC traces. Contrary to that, if disulfide bond formation 
occurs, a clear shift of the peak to a position corresponding to double of its original molecular 
weight is observed in the SEC chromatogram. The reaction was performed employing PSa-SH 
and 1COOPFB, with a molar ratio SH:DBU:PFB = 1:1:1 and [thiol]0 = 0.075 mol·L
−1 in DMF. 
The 19F NMR spectrum recorded after 24 h and the SEC traces at different reaction times are 
reported in Figure 4.22.  
 
 
Figure 4.22 – 19F NMR spectrum (CDCl3, 377 MHz, left) and SEC traces (right) for the para-fluorothiol 
reaction between PSa-SH and 1COOPFB. The 19F NMR spectrum was recorded after24 h of reaction time 
(~66%), while the SEC traces are reported for different reaction times and present no evidence of disulfide 
formation. The figure is adapted from Ref. [189] with the permission of The Royal Society of Chemistry. 
 
As shown in Figure 4.22 left, the conversion increases up to ~66% of reacted group within 
24 h, while there is no clear evidence for the formation of disulfide bonds according to the SEC 
traces (Figure 4.22, right). In order to further prove these findings, ESI-MS was performed 
(after 24 h), and the recorded mass spectrum is depicted in Figure 4.23. Besides the recorded 
full spectrum, a comparison between the experimental and the simulated isotopic pattern is 
presented (Figure 4.23b). The ESI-MS analysis was performed in ion negation mode, thus the 
molecule is reported as [M+nCl]n−. In the full ESI-MS spectrum (Figure 4.23a), both distribu-
tions are assigned to the product after PFTR (PSa-PFB). In detail, one corresponds to the dou-
ble charged ([PSa-PFB+2Cl]2−) and one to the single charged adduct (([PSa-PFB+Cl]−). The 
excellent agreement between the experimental and simulated ESI-MS spectra for the [PSa-
PFB+Cl]− adduct having 23 repeating units (n), confirms the success of PFTR (main reaction) 
over the disulfide bond formation (side reaction). 
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These results, apparently in contrast with the findings from the kMC simulations, can be ex-
plained by two hypotheses. The first one, is that disulfide bonds occur at a later stage of the 
kinetics, as observed also in the simulation in Figure 4.17. The second hypothesis, is that it may 
be that the presence of disulfide bonds is relevant only for more complex system such as star-
shaped polymers. The former hypothesis is not an issue as the kinetic study already showed 
that high conversion can be achieved within the first 5 h of the reaction, mostly in the absence 
of free carboxylic groups. The latter hypothesis is challenging to prove experimentally as the 
interpretation of the SEC traces is complicated in the case of a multi-substituted linker. 
 
Figure 4.23 – a. Full (−)ESI-MS spectra for PSa-PFB recorded in the range m/z = 1500-4000. b. Compari-
son between experimental and simulated isotopic pattern for PSa-PFB having n = 23 repeating units. c. 
Chemical structure of PSa-PFB, product of the PFTR reaction between PSa-SH and 1COOPFB. d. com-
parison between the experimental and the simulated m/z ratio for a selected peak in the double (blue triangle) 
and single charged (red square) region of the (−)ESI-MS spectrum reported in Figure 4.23a. The figure is 
adapted from Ref. [189] with the permission of The Royal Society of Chemistry. 
 
In summary, within this section the kinetic study on the PFT reaction has been extended, for 
the first time, to polymeric thiols. Thiol-capped polymers are easily synthesized after cleavage 
of the thiocarbonate group (aminolysis) present as chain ends after RAFT polymerization of a 
selected monomer. Herein, the reactivity of the thiolate, generated upon addition of DBU as 
base, was studied during the synthesis of three-armed star polymers (mostly employing PSa-
SH and 3PFB). Moreover, the difference in reactivity of the thiolate after reaction in two dif-
ferent solvents (THF and DMF), and when the thiol polymer presents a carboxylic group as 
additional chain end was explored. As for small molecule derivatives, particular attention was 
given to the investigation of the disulfide bond formation (side reaction) both alone and in 
Structure n m/z (exp) m/z (theo) m
[Psa-PFB+Cl]- 23 2818.437 2818.453 0.016
[Psa-PFB+2Cl]2- 37 2156.650 2156.649 0.001
1500 2000 2500 3000 3500 4000
m/z
 24 h
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combination with PFTR. The experimental data were complemented by kMC simulations in 
order to determine the rate coefficient of PFTR and the disulfide bond formation reactions. The 
findings revealed that the reactivity of the thiolate in THF is lower than the one in DMF. Fur-
thermore, side reactions take place during the synthesis of three-armed star polymer in DMF, 
according to kMC simulations. However, disulfide formation is a reversible reaction and its 
rate coefficient is significantly lower than the one of the main reaction (refer to Table 4.3). 
Thus, disulfide formation participates in minor measure and PFTR still proceed to high yields. 
Conversion values up to 80% in DMF were achieved after 48 h of reaction time. Nonetheless, 
different protocols for performing PFTR while forcefully blocking the disulfide formation were 
tested. In particular, the combination of the addition of reducing agent and absence of oxygen 
revealed to be the most efficient solution. Finally, when the thiol polymer was reacted with a 
monofunctional linker, in order to quantify the presence of disulfide bonds via SEC analysis, 
no clear peak attributable to the disulfide adduct was visible. Thus, the side reaction occurs 
only during the synthesis of more complex architectures (e.g. three-armed star polymers) at 
longer reaction times. One possibility is also that the percentage of disulfides was minimal and 
not detectable according to the methods employed, which is still a good result for the final 
purpose of applying PFTR to network formation.  
In both cases, the minor influence of the side reaction, and the high conversion achievable for 
PFTR, makes the ligation a suitable reaction to be used for network formation, as it will be 
investigated in the Chapter 5. 
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4.3 Self-propagated PFTR 
Kinetic study 
In a recent work, Park et al. proposed the organocatalyzed synthesis of fluorinated poly(aryl 
thioethers), involving the reaction between a silyl-protected thiol and a fluorinated aromatic 
group upon addition of a minimum amount of base.[198] The idea of a self-catalyzed mechanism 
is based on two facts: the elimination of a fluoride ion for each PFTR event, and the ability of 
the released fluoride ions (F−) to deprotect the silyl groups. The combination of these two events 
allows for a continuous generation of thiolate ions throughout the entire reaction, first induced 
by low amounts of an external base and thereafter triggered by fluoride released during PFTR.  
Inspired from this work, the last point addressed during the in-depth investigation on the para-
fluorothiol reaction was the possibility to introduce a self-propagated mechanism for PFTR, 
which can be beneficial in case of labile groups. Hence, PFTR was performed employing the 
non-protected aliphSH and 3COOPFB with an under-stoichiometric amount of base, such as 
0.5 or 0.1 equivalents (in respect to 1 eq. of thiol groups). The fundamental requirement for 
PFTR to be self-catalytic is that F− must be able to deprotonate the thiol derivative. Thus, tet-
rabutylammonium fluoride (TBAF) was the first base used for this study. In addition, tetrabu-
tylammonium hydroxide (TBAOH) and tetrabutylammonium bromide (TBABr) were chosen 
due to the similarity of their structure with TBAF, yet bearing different counter anions. TBAOH 
was used to expand the concept of the potential self-catalytic behaviour, as the basicity of the 
hydroxyl group is expected to deprotonate the thiol, while the counter ion tetrabutylammonium 
interacts with the generated fluoride to preserve it in its reactive form. Contrary, the bromide 
ion is not expected to have a sufficient basicity for the deprotonation of the thiol. Thus, TBABr 
was selected as a negative control compound to exclude possible effects arising from the tet-
rabutylammonium counter part. Finally DBU was also employed, being it a commonly used 
base for PFTR.[19]  
 
 
Scheme 4.3 – PTFR model reaction for the elucidation of the self-propagating PFTR mechanism. Herein, 
different bases were used in order to initiate PFTR such as TBAF, TBAOH and DBU. Each base was used in 
under-stoichiometric amount respect to the functional group, while the molar ratio of SH:PFB was kept equal 
to 1:1. 
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The results of the PFT model reactions using a 1:1 molar ratio between SH and PFB groups but 
under-stoichiometric amounts of the aforementioned bases, are reported in Figure 4.24 as func-
tional groups conversion over time. The reaction was performed in THF-d8 with a 
[SH]0 = 0.075 mol·L
−1 and followed via online 19F NMR spectroscopic measurements. 
 
 
Figure 4.24 – Functional group conversion over time for PFTR using aliphSH and 3COOPFB (SH:PFB = 
1:1) and either 0.5. (left) or 0.1 eq. (right) of base. In detail, each plot report the result for. TBAOH (green), 
TBAF (red), TBABr (orange) and DBU (blue). The reaction was performed using [thiol]0 = 0.075 mol·L-1, in 
THF-d8 in order to monitor the conversion of the PFTR via online 19F NMR measurements. The red dashed 
lines indicate the maximum theoretical conversion with respect to the amount of base used (excluding a self-
propagating mechanism). Reproduced from Ref. [190] with the permission from John Wiley & Sons. 
 
Each reaction compared in Figure 4.24 shows conversion higher than the theoretical value. The 
theoretical value is calculated according to the amount of base used, excluding the possibility 
of a self-propagated mechanism and is represented by the red dashed line in Figure 4.24. In 
both graphs the reactivity follows the trend TBAOH > TBAF > DBU, while TBABr does not 
lead to any conversion. The results agree with the pKa values of the employed bases. The pKa 
values for the bases used in the current study are only available in DMSO in the literature and 
equal to 31.4, 15.0 and 13.9 for H2O, HF and DBU-H
+, respectively.[199-201] Nevertheless, it is 
reasonable to assume that even if the absolute value is different, the relative trend of reactivity 
is still reflected also if THF was used as a solvent. With these values in hand, the difference in 
reactivity between TBAOH and TBAF is self-explicative, while the lower reactivity of DBU 
was ascribed to the different chemical structure of the base. To break it down to numbers, in 
case 0.1 eq. of base were used, the conversions are equal to approximately 30%, 25% and 20% 
after 2 h for TBAOH, TBAF and DBU, respectively. A further increase of ~5 % is obtained 
after 24 h. In a similar fashion, when 0.5 eq. of base were employed, conversions of 90%, 75% 
and 70% were observed after 24 h for TBAOH, TBAF and DBU, respectively. This preliminary 
investigation leads to two main conclusions: first, the fluoride ion (added as TBAF or generated 
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from PFTR events) is able to generate the reactive thiolates and second, all bases tested proved 
to be suitable for promoting, up to a certain extent, the self-propagated mechanism suggested 
in Scheme 4.4. 
 
 
Scheme 4.4 – Proposed self-propagated mechanism for PFTR based on the assumption that the fluoride ions, 
produced at each reaction step (highlighted in red), is able to promote the next PFTR reaction event. Adapted 
from Ref. [190] with the permission from John Wiley & Sons. 
 
Even though conversions are higher than the theoretical value, none of the kinetic experiments 
proceeded to full conversion. In order to assess these results, first some practical considerations 
were taken in account. Firstly, the fluoride ion is known to react with glass,[202] and thus 
potentially interact with the walls of the vessel. Thus, the same reaction was repeated in a plastic 
vial. Moreover, the effect of concentration and temperature was carefully evaluated in 
additional experiments. Accordingly, the PFTR was performed using both more diluted and 
more concentrated initial concentrations of functional groups, e.g. [PFB]0 = 0.015 mol·L
−1 and 
0.15 mol·L−1 (SH:PFB = 1:1). Additionally, the PFTR was performed at 25 °C and 50 °C 
([PFB]0 = 0.075 mol·L
−1). The results of all the mentioned systems are summarized in Figure 
4.25, where the conversion values obtained after a reaction time of 40 h are reported. This is 
because at longer reaction times, no further improvements are expected to occur based on the 
previous studies (refer to Figure 4.24). As evident in Figure 4.25, neither the material of the 
reaction vessel (glass or plastic), nor the concentration or the temperature have an impact on 
the final conversion. In each case, a conversion of approximately 25% to 30% is achieved.  
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Figure 4.25 –Functional group conversion after a reaction time of 40 h for the PFTR between aliphSH and 
3COOPFB. The reaction was performed at different temperatures (25 °C and 50 °C), concentrations ([thiol]0 
= 0.015, 0.075 and 0.15 mol·L-1) or in different reaction vessels (glass or plastic) to investigate the impact of 
several parameters on the self-propagating mechanism. In each case the molar ratio of SH:PFB:TBAF = 
1:1:0.1. Adapted from Ref. [190] with the permission from John Wiley & Sons. 
 
Influence of the addition of the base 
Interestingly, in Figure 4.24 when 0.1 eq. of base are used a 2.5-fold increase in conversion 
respect to the base was achieved. Contrary, only a 1.5-fold increase resulted when 0.5 eq. of 
base were used. Thus, the effect of the same amount of fluoride added either step-wise or at 
once was compared to verify whether this strategy leads to higher conversion.  
In detail, for the one-pot addition, aliphSH was exposed to either 0.1, 0.2 or 0.3 eq. of TBAF 
and the reaction was performed for 24 h. For the step-wise addition, PFTR was started using 
0.1 eq. of TBAF, and each 24 h for two times 0.1 eq. of TBAF was added to the reaction mixture 
up to a total of 0.3 equivalents. In Figure 4.26, the impact on final conversion of a step-wise 
addition is displayed.  
The results show a significant improvement in the case of a step-wise addition of TBAF. In 
detail, the addition of 0.1 eq. of base leads to approximately 2.8-fold increase in conversion 
respect to the base, as shown before. Moreover, when PFTR was performed with 0.2 eq. of 
TBAF, ≈45% conversion is reached if the base is added at once, in contrast to ≈57% if the same 
amount added in two consecutive steps. Eventually, another 0.1 eq. of TBAF were added to the 
previous reaction mixture. This resulted in a final conversion of ≈93%, which is significantly 
higher compared to the control experiment (65% conversion) where 0.3 eq. of TBAF were 
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Figure 4.26 – Impact of the step-wise addition of base (TBAF) on the final conversion obtained after per-
forming PFTR at ambient temperature employing a [thiol]0 = 0.075 mol·L−1. The step-wise addition of base 
(green bars) is compared to the final conversion obtained after using the same amount of base but added at 
once at the beginning of the reaction (purple bars). The amount of base used are reported along the x axis. 
Adapted from Ref. [190] with the permission from John Wiley & Sons. 
 
To summarize, the results show that, at any stage, the step-wise addition of base appeared to 
be beneficial since almost full conversion is achieved after the addition of 0.1 eq. of base for 
three consecutive times. One hypothesis is associated with the solvation of the fluoride ions, 
which makes the produced fluoride ions no longer reactive. Thus, “freshly added” equivalents 
of F− (TBAF) are more reactive. In each case, a significant influence of the self-propagating 
mechanism is evidenced, mostly when the experimental data are compared to the red dashed 
line, representing the theoretical value achievable with a given amount of base in case no self-
propagating mechanism is taken in account.  
 
Influence of structurally different thiol and of the solvent polarity 
The only difference between the herein reported system and the one introduced by Park et al. 
is the presence of free thiol functional groups instead of a silyl-protected thiol analogous struc-
ture. Thus, even if the concept of pH is meant for aqueous system, one hypothesis for the lower 
performances of the herein introduced system could be associated with changes of the pH of 
the reaction mixture over the course of the reaction. Accordingly, the generation of HF during 
the reaction might lower the pH of the solution until a certain threshold is reached, where the 
thiol remains in its protonated state due to the acidity of the media. In order to verify this hy-
pothesis, three structurally different thiols, thus having different pKa values, were tested in 
terms of their reactivity towards PFTR. For each thiol, the PFTR was performed under the same 
reaction conditions (SH:PFB:TBAF = 1:1:0.1, [thiol]0 = 0.075 mol·L
-1). The selected thiols are 
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which have, in the listed order, decreasing pKa values.[192] The expectation is that given the 
same environment, the more acidic thiol will reach higher conversion, as the formation of the 
thiolate is less dependent from minor changes in the pH values. The conversions over time 
obtained for the different thiols are compared in Figure 4.27. 
 
Figure 4.27 –Functional group conversion over time for the PFTR performed using thiol derivatives with 
decreased acidity in the order phenSH > benzSH > aliphSH. The reaction was performed using 
SH:PFB:TBAF = 1:1:0.1 and a [thiol]0 = 0.075 mol·L−1. Adapted from Ref. [190] with the permission from 
John Wiley & Sons. 
 
The results plotted in Figure 4.27 are in line with the expectation. In detail, after the addition 
of 0.1 eq. of base to a mixture of thiol and fluorinated linker, conversion values of approxi-
mately 30%, 45 % and almost 60% for aliphSH, benzSH and phenSH, respectively, were ob-
served. Thus, higher conversions are achieved when more acidic thiols were used. 
Driven by this data, the influence of the solvent polarity was explored. As already observed for 
the previous kinetic study involving polymeric thiol derivatives, switching from THF to DMF 
led to significant improvement in terms of conversion and/or reaction times. Hence, the perfor-
mances of the self-propagated behaviour in DMF were evaluated for each thiols. Furthermore, 
DMSO was also considered as a solvent due to its higher polarity, even though no reports about 
its ability to promote PFTR are reported in the literature yet. Aside the type of solvent, all the 
other parameters are kept constant, e.g. SH:PFB:TBAF = 1:1:0.1 and [thiol]0 = 0.075 mol·L
−1. 
The results are depicted in Figure 4.28 where, in order to highlight the performances of the 
solvent, each graph compares the functional group conversion over time for a selected thiol 
tested in different solvents. Noteworthy, aliphSH was immiscible in DMSO, so the reaction 
could not be performed in this case.  
In Figure 4.28a, the reactivity of aliphSH in both THF (blue squares) and DMF (orange squares) 
is displayed. In the case where DMF was used as a solvent, double the conversion was achieved 
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at any stage of the kinetic study. Approximately 70% of fluorinated groups have reacted with 
thiols after 48 h in DMF compared to only 30% when the reaction was performed in THF.  
 
 
Figure 4.28 – Functional group conversion for PFTR using different combination of solvent and thiol. Each 
graph compares the reaction rates for a thiol in different solvents such as THF (blue), DMF (orange) and 
DMSO (green), (SH:PFB:TBAF = 1:1:0.1 and [thiol]0 = 0.075 mol·L−1). The thiol used is reported as head-
line of the graph, while its chemical structure is visible in the dashed box (d). The dashed red line is repre-
sentative of the theoretical conversion, which should be achieved in case no self-propagating mechanism was 
possible. Adapted from Ref. [190] with the permission from John Wiley & Sons. 
 
Similarly, when PFTR was performed using benzSH (Figure 4.28b), the conversion reaches 
values of 40% in THF (blue squares) and 80% in DMF (orange squares) after 48 h. Interest-
ingly, within the same 48 h the reaction proceeds to quantitative conversion in DMSO (green 
squares). Lastly, when the reactivity of the more acidic phenSH is analyzed (Figure 4.28c), the 
reaction proceeded to quantitative conversion for both DMF and DMSO, with DMSO giving 
the fastest reaction rates. The reaction proceeded to completion after only 5 min in DMSO, 
while a reaction time of 4 h was necessary in DMF. In contrast, a maximum of 50% was 
achieved after 3 days when THF was used as a solvent. Since polar solvents promote the nu-
cleophilic substitution events in PFTR,[203] the enhanced reactivity is attributed to the increased 
polarity when using DMF and DMSO compared to THF.[204]  
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4.4 Summary 
The study presented in the last section proves the possibility to start PFTR with a source of 
fluoride ions, independently from the fact that fluoride is added to the solution (e.g., using 
TBAF as a base) or generated in situ as a by-product during the reaction. Moreover, even 
though the PFTR under the employed conditions cannot be defined as self-catalytic, the possi-
bility for a self-propagating mechanism for PFTR was unambiguously demonstrated.  
In the context of network formation, the possibility of a self-propagated mechanism it is of high 
relevance in case functional group sensitive to basic conditions are present within the bifunc-
tional derivative or the crosslinker. Despite the presence of labile groups, it is without any doubt 
more efficient to perform PFTR using equimolar amount of base (i.e. DBU).  
Importantly, a variety of fluorinated derivatives including three- and four-armed linkers, which 
allow for a selective mechanism for PFTR (i.e. no multiple substitution), were synthesized.  
Concerning the disulfide bond formation, the kMC simulations revealed that the side reaction 
does not play a major role for small molecule thiol derivatives, while it does occur in small 
percentages during the synthesis of three-armed star polymer architectures in polar solvent (i.e. 
DMF). However, no evidence of the disulphide species was observed experimentally within 
the first 24 h for the reaction between PSa-SH and 1COOPFB.  
Notably, the presence of carboxylic acid groups partially neutralizes the base lowering the re-
action yields. Nonetheless, as commonly reported in the literature, the problem can be over-
come by employing a suitable protecting group, which upon PFTR can be removed to afford 
the desired poly(acrylic acid) based architectures.[47]  
Remarkably, the main advantage of PFTR is most likely the possibility to follow the reaction 
via 19F NMR spectroscopy without the need of additional purification before spectroscopic 







Network Formation via 
para-FluoroThiol Reaction 
Polymeric networks were synthesized in the current chapter via the end-linking strategy (ELS), 
which is one of the most powerful approaches towards the achievement of more homogeneous 
networks according to the literature.[120, 152] This strategy is based on the reaction between a 
bifunctional precursor and a three- or four-armed linker bearing complementary functionalities, 
as displayed in Figure 5.1. In this way, the average mesh size and the macroscopic properties 
of the final network can be easily tuned by varying the molecular weight and the backbone of 
the bifunctional precursor, respectively.[152]  
Importantly in the current work, the synthetic advantages of the end-linking strategy are 
completed with analytical advantages by using the para-fluorothiol reaction (PFTR), carefully 
studied and optimized in Chapter 4, as ligation for the crosslinking reaction (Figure 5.1). The 
idea is based on the fact that the presence of heteroatoms such as sulfur and fluorine, 
strategically located only at the crosslinking points, can lead to the identification and 
quantification of the unreacted moieties via non-destructive analysis such as 19F NMR 
spectroscopy. 
Furthermore, in the 19F NMR spectrum, no interference by proton or carbon atoms will be 
present. Thus, the resonances associated with the fluorinated ring will be clearly displayed on 
the spectrum eliminating inaccuracy during integration of the signals. 
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Figure 5.1 – Representation of a network obtained via end-linking strategy. The example displays the reaction 
of a bifunctional thiol and a four-armed fluorinated linker. 
 
The main goal is to introduce the possibility to detect defects, where present, without the need 
to disassemble the network. With these broad advantages in mind, the following chapter 
discusses and explores the use of PFTR for the syntheses of disparate networks.  
Initially, highly crosslinked networks, synthesized using bifunctional precursors with low 
molecular weight, were studied because of the high percentage of functional groups, which is 
a necessary condition to evaluate the expanded analytic toolbox facilitated by the presence of 
fluorine atoms. 
Subsequently, the approach was adapted for the formation of networks starting from well-
defined polymer precursors synthesized via RAFT polymerization followed by end-group 
modification.  
The use of polymeric bifunctional precursors leads to networks with a lower degree of cross-
linking. As a results of the larger mesh size, the networks present higher swellability, which is 
a relevant factor for some applications. The synthesis of network using PFTR was optimized 
for structurally different polymer precursors, e.g. polystyrene and poly(methacrylates), as dis-







    
Part of this chapter are reproduced from Ref. [188] with permission from The Royal Society of Chemistry.[188] The XPS and ToF-
SIMS measurements were performed by Dr. Sven O. Steinmüller. The project was supervised by Prof. Dr. Leonie Barner.  
 
The XPS and ToF-SIMS measurements in Section 5.2.1 were performed by Dr. Azmi Raheleh (KIT) 
The 1H NMR-relaxometry measurements were performed by Christoph Pfeifer (KIT).  
The four-armed linker tetrathioltetraphenylmethane (4phenSH) was kindly provided by Matt Yannik (KIT) 
The project was supervised by Prof. Dr. Leonie Barner. 
SHHS
+ PFTR
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5.1 Networks from Small Molecules  
Initially, the three-armed fluorinated linker not containing any ester bond (3PFB), used in the 
previous kinetic study, was reacted with a bifunctional thiol derivative in order to achieve net-
work rather than three-armed stars. The resultant networks present a high degree of crosslink-
ing, due to the low molecular weight of the thiol employed. The high percentage of the fluori-
nated groups make them an ideal substrate for presenting the variety of analytical tools for the 
characterization of the final material.  
Importantly, the reaction proceeded using a 1:1 stoichiometric ratio between the functionalities 
(i.e. aromatic fluorinated group and thiol) in order to avoid a large number of unreacted moie-
ties, which cause defects in the network microstructure.  
Initially, a representative network (Scheme 5.1) was obtained upon reaction of 1,4-phe-
nylenedimethanethiol (PDT) with 3PFB in THF ([SH]0 = 1.8 M), using DBU (1 eq.) as base. 
Interestingly, the reaction mixture almost instantaneously turned into a gel, yielding the corre-
sponding network (PDT-N) (Scheme 5.1). After 30 min, the soluble fractions were removed 
by washing the network with an excess of solvent (THF). The solvent was changed at least 
three times in order to remove completely the extractables from the crosslinked structure. Fi-
nally, the network was dried in a vacuum oven at 25 °C overnight, and characterized.  
 
 
Scheme 5.1 – Reaction scheme for network formation employing a three-armed fluorinated linker (3PFB) 
and a bifunctional thiol (PDT). The PFTR was performed using a molar ratio of SH:PFB:DBU equal to 1:1:1 
in THF. The figure is adapted from Ref. [188] with the permission of The Royal Society of Chemistry. 
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As shown in the previous chapter, 19F NMR spectroscopy is a powerful tool for tracking the 
progress of the PFT reaction. Thus, the freshly obtained PDT-N network was placed in an 
NMR tube and swollen in CDCl3 for analysis. Thereafter, the tube was placed into the auto 
sampler and the measurement was performed in the same way as for liquid samples. This pro-
cedure is named “gel-phase”. In literature it is reported that the results obtained after measure-
ments in the gel-phase are comparable to those recorded via solid-state NMR spectroscopy, 
confirming the validity of the approach.[117] The 19F NMR spectrum for the synthesized network 
is reported in Figure 5.2 (bottom, blue line) and compared to the one of the 3PFB linker used 
as starting material (Figure 5.2, top, black line).  
 
 
Figure 5.2 – 19F NMR spectra (CDCl3, 377 MHz) of the fluorinated aromatic ring before (3PFB linker, 
black) and after (PDT-N network, blue) network formation via PFTR. The reaction was performed employing 
a 1:1 molar ratio between the functional groups and a [PFB]0 = 1.8 mol·L−1 in THF, using DBU as base. 
The functional group conversion within the network resulted equal to 92%. The figure is adapted from Ref. 
[188] with the permission of The Royal Society of Chemistry. 
 
The 19F NMR spectrum of PDT-N (Figure 5.2, bottom panel) delivers two main messages. 
First, the new resonances appearing at  = −134.2 and −142.2 ppm are ascribable to the o and 
m fluorine atoms after PFT reaction, as largely discussed in Chapter 4, which indicates the 
successful synthesis of the product according to the proposed reaction pathway (Scheme 5.1). 
Moreover, in the 19F NMR spectrum of the gel (Figure 5.2, bottom) it is noticeable that a small 
fraction of unreacted fluorinated aromatic groups remains. The unreacted moiety were quanti-
fied by comparison of the integral of the resonances corresponding to the fluorine atoms before 
and after reaction, and resulted equal to 8%. Importantly, in contrast to the examples reported 
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in Chapter 2 (section 2.3.4), the information regarding the number of reacted moieties (92%) 
is accessible without the need to disassembly the network structure, highlighting the analytical 
power of PFTR in combination with 19F NMR spectroscopy. 
To complement these 19F NMR measurements, other analytical techniques were explored to 
collect further information on the synthesized network by taking advantage of the presence of 
heteroatoms (S and F), strategically located only at the junction points.   
A common and simple analysis to perform on solid materials is the Attenuated Total 
Reflectance-Infrared Spectroscopy (ATR-IR). Due the large amount of data available in 
literature nowadays,[205] it is possible to assign the different bands present in a given IR 
spectrum to the corresponding functional group present in the analyzed molecule. For an 
accurate interpretation of the PDT-N IR spectrum, it is important to record also those of the 
starting materials, the PDT thiol and the 3PFB linker. The mentioned IR spectra are compared 
in Figure 5.3.  
 
Figure 5.3 – Left: ATR-IR spectra for, from top to bottom, the pristine linker (3PFB, black), the bifunctional 
thiol (PDT, gray), the synthesized network (PDT-N, blue). Right: the two resonance structures (1 and 2) for 
the fluorinated aromatic ring after ligation, responsible for the bands highlighted with blue boxes in the ATR-
IR spectra. The gray box represents the disappearance of the stretching vibration assigned to the S-H bond. 
The figure is reproduced from Ref. [188] with the permission of The Royal Society of Chemistry. 
 
In the reported example (Figure 5.3), the stretching of the Carom-H bond, arising from the aro-
matic ring of the PDT thiol, is visible at 3030 and 2900 cm−1 in both the network and the thiol 
precursor. However, more informative is the band at  = 2650 cm−1 for PDT (Figure 5.3, gray 
box), which is ascribable to the S-H stretching. In particular, the presence of the latter band for 
the thiol precursor but not in the final network confirms the proposed reaction pathway as well 
as the high conversion detected via 19F NMR spectroscopy.  
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Additionally, for the spectrum reported in Figure 5.3 (blue line), a band appears at 
 = 1650 cm−1, which is associated with the resonance structure of the newly formed aromatic 
ring. Accordingly, the PFT reaction involves the replacement of a fluorine with a sulfur atom, 
which is an electron-rich atom containing one lone pair of electrons. Hence, a resonance struc-
ture as the one labelled with the number 2 in Figure 5.3 (right) occurs. Less diagnostic but still 
relevant is the band arising from the resonance structure 1 (Figure 5.3, right), highlighted with 
a blue box (1) in the IR spectrum.  
Subsequently, due to the presence of fluorine atoms, the chemistry of the crosslinking point 
was observed via X-ray Photoelectron Spectroscopy (XPS) and Time-of-Flight Secondary Ion 
Mass Spectrometry (ToF-SIMS).  
Analysis of the surface via XPS permits to distinguish between different carbons present within 
a sample. This is possible because their binding energy is not identical, and can shift between 
approximately 285 to 294 eV depending on the chemical environment of the carbon itself (e.g. 
identity of X in a C-X bond).[206]  
The C1s spectrum obtained after XPS analysis of the 3PFB linker is displayed in Figure 5.4 
(top, black line). Each spectrum was referenced at 285.0 eV (C-C, C-H) and peak fitting pro-
cedure was performed according to the literature.[207] In particular, four peaks were identified. 
First, the C-C and the C-O bonds present in the core of the linker are detectable (refer to Scheme 
5.1). The other two peaks are associated with the C-F bond, with a particular differentiation 
between C-Fo+m and C-Fpara, while the only carbon on the fluorinated aromatic ring not con-
nected to a fluorine atom has a similar binding energy to C-O.[208] Next, the C1s spectrum of 
the PDT-N network is compared to the one of the linker in Figure 5.4 (bottom, blue line). 
Here, some differences between the C1s spectrum of the network and the linker can be 
highlighted. First in the network spectrum, the C-C peak is now the peak with the highest 
intensity, due to the fact that many additional C-C bonds have been introduced after network 
formation from the thiol. For 3PFB the main peak is the C-Fo+m peak, as expected from the 
chemical structure (Scheme 5.1). Next, a small shift from 286.5 eV to 286.2 eV is observed for 
the binding energy of the C-O peak. This is because this peak now has contributions from both 
the C-O and C-S bonds. A small difference in the binding energy is noticeable for C-Fo+m 
compared to C-Fo´+m´. Accordingly, the corresponding peak shifts from 288.6 eV (3PFB linker) 
to 287.8 eV (PDT-N network), which can be attributed to the replacement of an electron-
withdrawing atom such as F with an electron-donating atom like sulfur.  
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Figure 5.4 – XP C1s spectra of the pristine linker (3PFB, top, black line) and the freshly synthesized network 
(PDT-N, bottom, blue line). The figure is adapted from Ref. [188] with the permission of The Royal Society 
of Chemistry. 
 
Finally, the surface of the network was analyzed via ToF-SIMS for the identification of specific 
fragments associated with the aromatic fluorinated group before and after PFTR. These frag-
ments are [C7HOF5]
− for the 3PFB linker and [C7HSOF4]
− for the formed network (PDT-N).  
The relative amount of the two above-mentioned fragments in the 3PFB linker and the PDT-
N network is depicted in Figure 5.5. For clarity, the color scale is an indication of the abundance 
of a given fragment, with brighter colors indicating a higher amount of the selected species.  
 
 
Figure 5.5 – ToF-SIMS analysis of the precursor linker (3PFB, top) and the synthesized network (PDT-N, 
bottom). Highlighted is the relative abundance of the fluorinated aromatic ring before (left) and after (right) 
PFTR. Brighter colors indicate a higher abundance of the selected fragment. The figure is reproduced from 
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On the left side of Figure 5.5, the unreacted PFB fragment is displayed. According to the color 
scale, this fragment is detectable in high percentage in the 3PFB linker (top) but not in the 
synthesized network (bottom). In contrast, the fragment corresponding to the fluorinated moi-
ety after ligation is present in high percentage for the PDT-N network (bottom) but it is absent 
in the parent linker (top).  
Clearly, all of the above analyses – 19F NMR spectroscopy, XPS, ToF-SIMS, ATR-IR – support 
successful network formation with high conversion of the precursors within the synthesized 
network, and therefore affirming the synthetic and analytic advantages of network formation 
via the end-linking strategy employing PFTR.  
In the next step, to demonstrate the versatility of the PFTR as crosslinking reaction, and in the 
view of its use for polymer network systems, a variety of alternative thiol derivatives were 
employed as bifunctional precursor, as shown in Figure 5.6. These include an aliphatic thiol 
(BT), mimicking a general polymer backbone, a thiol containing ether linkage (DODT), mim-
icking PEG-ylated polymers, and one possessing hydroxyl groups along the chain (DTT). 
Herein, the same study performed for PDT-N was repeated for the listed thiols. The networks 
were synthesized using a molar ratio of SH:PFB:DBU equal to 1:1:1 and a 
[PFB groups]0 = 1.8 mol·L
−1 in THF. As before, 3PFB was used as fluorinated linker.  
 
 
Figure 5.6 – List of bifunctional thiol derivatives used for the synthesis of diverse networks via para-
fluorothiol reaction (PFTR). List of abbreviations: butanedithiol (BT), 2,2′-(Ethylenedioxy)diethanethiol 
(DODT) and dithiothreitol (DTT). 
 
In each case 19F NMR and ATR-IR spectroscopy, as well as XPS and ToF-SIMS analysis were 
performed, with all data shown in Appendix. In detail, the 19F NMR spectra for each network 
showed that the reaction proceeded as desired, with the appearance of the diagnostic resonances 
at  = −134 and −143 ppm (Figure 8.19), and a conversion higher than 95% in all cases. These 
values demonstrate the high efficiency of the reaction in the context of network formation. 
Similarly, ATR-IR measurements show the two diagnostic bands attributable to the fluorinated 
aromatic ring after nucleophilic substitution, along with the disappearance of the band corre-
sponding to the stretching of the SH bond at  = 2650 cm−1 (Figure 8.20). Additionally, XPS 
and ToF-SIMS (refer to Appendix, Figure 8.21) results are comparable to those detailed for the 
PDT-N network, independently from the chemical structure of the thiol employed, underpin-
ning the versatility of the approach. 
Network Formation via para-FluoroThiol Reaction 
123 
Finally, the differences in the swelling and in the thermal behavior were investigated. For the 
latter, differential scanning calorimetry (DSC) analysis was performed on each network to 
identify the glass transition temperature (Tg). In the case of networks, the Tg is influenced by 
the degree of crosslinking (DC) and the rigidity of the wall of the pore. The values obtained 
after DSC analysis are summarized in Table 5.1.  
 
Table 5.1 – Summary of the glass transition temperature (Tg) for the network obtained starting from struc-
turally different thiols. The letter “-N” associated to the name of the thiol employed indicates that the result 
refer to the obtained network.  
Network Tg (°C) 
PDT-N 54.7  
DTT-N 50.2  
DODT-N 40.2  
BT-N 38.0  
 
Herein, the Tg follows the trend PDT-N > DTT-N > DODT-N ≈ BT-N. Assuming the same 
DC – since the molecular weight of the thiol precursors is generally similar – the trend reflects 
the rigidity of the pore. Accordingly, the PDT-N is the most rigid one as the elastic chain con-
sists of one aromatic ring. Similarly, the high Tg value observed for DTT-N suggests that the 
mentioned network possess a rigid structure, for instance arising from the presence of hydrogen 
bonds between neighboring hydroxyl groups.  
Subsequently, the swelling behavior was tested for each network in two different solvents, THF 
and ethanol (EtOH). The obtained values are reported in Table 5.2.  
 
Table 5.2 – Summary of the degree of swelling (w/w) obtained for different networks (-N) in THF and ethanol 
(EtOH). 
Network Swelling ratio (w/w) 
 THF EtOH 
PDT-N 1.7 0.3 
DTT-N 0.3 0.4 
DODT-N 2 0.6 
BT-N 1.6 0.1 
 
As mentioned in Chapter 2, the degree of swelling is influenced by the polymer/solvent inter-
action (mixing term) and the degree of crosslinking, DC (elastic term). Accordingly, the values 
reported in Table 5.2 indicate a higher affinity of the networks for THF compared to ethanol. 
The lower affinity towards ethanol is associated with the absence of functional groups on the 
elastic active chain able to create hydrogen bond with ethanol. Moreover, the increased degree 
Network Formation via para-FluoroThiol Reaction 
124 
of swelling in the direction DODT-N > PDT-N ≈ BT-N >> DTT-N reflects the small differ-
ences in the core structure of the thiol derivatives. Noteworthy, in both solvents, an exception 
is observed for DTT-N. In line with results from DSC analysis, this is associated to the presence 
of hydrogen bonds between the hydroxyl group present along the elastic chain, which leads to 
higher degree of crosslinking. This hypothesis is further supported by the low intensity of the 
O-H stretching in the ATR-IR spectrum reported in Appendix (Figure 8.20).  
In conclusion, this section develops the feasibility of PFTR as a ligation tool for network for-
mation. Importantly, it was demonstrated that the synthesis of the networks via PFTR opens 
the door for the identification and quantification of the unreacted functionality simply by NMR 
measurements, thus without the need to destroy the network. Moreover, the variety of analytical 
tools for the qualitative analysis of the surface of the network was expanded to ATR-IR, XPS 
and ToF-SIMS analysis, with the presence of the fluorinated aromatic ring being a key feature 
for the successful employment of each analysis. Finally, the use of structurally different bifunc-
tional thiols confirms the possibility to expand the PFTR to other thiol derivatives, potentially 
including polymeric thiols. Since the suitability of polymeric thiol towards PFTR was antici-
pated in Chapter 4 for star shape polymer architecture, the following chapter explores the po-
tential use of bifunctional polymeric thiol derivatives for network formation.  
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5.2 Networks from Polymers 
While for some application the crosslinking reaction occurs between small molecule deriva-
tives as a considerably high degree of crosslinking is required, e.g. 3D printing,[209] for others, 
like desalination, it is important to achieve a reasonable degree of swelling.[182] In such cases, 
bifunctional polymer precursors are commonly used, allowing for easier tuning of properties 
such as swelling,[210] thermal[211] and mechanical.[154] Simply by changing the chemistry of the 
polymer, it is possible to obtain hydrophilic rather than hydrophobic networks, due to the dif-
ferent functional groups present along the polymer backbone, which lead to a different poly-
mer/solvent interaction. After determining the most suitable backbone chemistry for a specific 
application, the mesh size, and thus the degree of swelling, can be tuned by modifying the 
average length of the polymer precursor, as shown in the following section (Figure 5.7). In the 
next session, three polymer precursors containing a different number of repeating units (n) will 
be synthesized to achieve “short” (n = 36), “medium” (n = 64) and “long” (n = 82) elastic 
chains in the final network.  
 
 
Figure 5.7 - Representation of three different networks synthesized via the end-linking strategy between a 
bifunctional polymer precursor and a four-armed linker. The impact of the chain length of the polymer 
precursor on the degree of crosslinking of the final polymer is highlighted. 
 
Accordingly, the length of the polymer precursor determines the degree of crosslinking (DC) 
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where Mc and Mru are the molecular weight of the elastic chain length (refer to Equation 2.26) 
and of the repeating unit of the polymer backbone, respectively.  
For network formation, the two precursors must possess the suitable complementary function-
alities: the thiol group and the fluorinated aromatic ring. However, no limitations on whether 
the thiol group is located on the bifunctional polymer or on the crosslinking agent are, in prin-
ciple, present. Thus, both synthetic strategies will be evaluated in the following sections, start-
ing from the use of thiol polymers, due to the large amount of knowledge gained in Chapter 4.  
 
5.2.1 Polymeric Thiol Derivatives  
As anticipated, in this section bifunctional polymeric thiol derivatives were used in order to 
achieve polymer networks. In particular, the polymer precursor was reacted with both a three- 
and a four-armed linker. The three-armed linker serves to link the polymeric networks to the 
results reported so far, while the four-armed linker serves as comparison of the network syn-
thesized via the end-linking strategy (ELS) using PFTR with those synthesized via FRP, as the 
crosslinking agent in FRP leads to 4 crosslinking points.  
The comparison between networks via FRP and ELS using PFT reaction is particularly im-
portant for verifying whether the ELS leads to a more homogeneous network microstructure.  
It is important that the compared networks possess the same degree of crosslinking (DC). For 
ELS using a four-armed linker, the DC is calculated as reported in Equation 5.1, while for FRP 
the DC is determined by the molar ratio between the crosslinker and the monomer. 
Thiol polymers can be obtained via RAFT polymerization if the thiocarbonate moiety is 
present as chain end on both sides. Only in this case, upon cleavage (via aminolysis) the desired 
polymer precursor is achieved. For this purpose, a suitable bifunctional RAFT agent 
(biDoPAT) was obtained after esterification of the commercially available DoPAT (Figure 5.8, 
top), already used in Chapter 4 (Section 4.2). The biDoPAT, which synthesis is reported in 
Chapter 7 (Section 7.5), was employed for the polymerization of styrene, using a ratio of 
RAFT agent to monomer equal to 1:150, yielding the intermediate PS(36), where 36 represents 
the number of repeating units in order to give an indication of the chain lengths of the polymer. 
In the next step, the polymer was subjected to aminolysis to achieve biSH-PS(36). The reaction 
scheme is presented in Figure 5.8 (top). The molecular weight of the polymer (Mn), determined 
via SEC analysis, is 4500 g mol−1 (Ð = 1.1) after polymerization and 3800 g mol−1 (Ð = 1.1) 
after aminolysis. Importantly, the SEC trace of biSH-PS(36) shows the absence of disulfide 
bonds after aminolysis, which would cause a higher-molecular weight shoulder (Figure 5.8).  
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Figure 5.8 – Top: Reaction scheme for the synthesis of a suitable bifunctional RAFT agent (biDoPAT), and 
of the desired polystyrene biSH-PS(36). Bottom: SEC traces before (PS(36), black line) and after aminolysis 
(biSH-PS(36), red line). 
 
Next, ESI-MS analysis was performed to verify the end group fidelity and elucidate the chem-
ical structure of the synthesized polymers. The ESI-MS spectra of the polymer before and after 
cleavage of the trithiocarbonate moieties are reported in Figure 5.9a. In addition, the 1H and 
13C NMR spectra before and after aminolysis are reported in Appendix (Figure 8.23). 
The ESI-MS spectra were recorded in negative ion mode, thus the molecule is present as the 
[M+Cl]− adduct. From Figure 5.9, the distance between two consecutive peaks within the same 
distribution correspond to the m/z ratio of the repeating unit. In this case, m is equal to 
104.063, which refers to the molecular weight of the monomeric styrene unit (Figure 5.9b). 
Furthermore, the difference in mass of a polymer chain (e.g. with 24 repeating units as in ex-
ample) before and after aminolysis corresponds to m = 488.265. This number corresponds to 
the molar mass of the aliphatic chain and the trithiocarbonate group removed during the post 
modification aminolysis reaction (Figure 5.9b and d and Table 5.3). Ultimately, the excellent 
agreement between the experimental and the simulated spectra (Figure 5.9c) confirms the syn-
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Figure 5.9 – ()ESI-MS analysis on PS(36) before (black) and after (red) aminolysis. a. Full spectra recorded 
in the range m/z = 2000-5000. b. Representative zoom in order to identify the species. Herein, m = 104.063 
represents the styrenic repeating unit, while m = 489.265 the removal of the aliphatic chain and the trithi-
ocarbonate group upon aminolysis. The assignments are summarized in Table 5.3. c. Experimental and sim-
ulated spectra for biSH-PS(36) with a total number of repeating units equal to 24. d. Chemical structure for 
the polystyrene sample before (square) and after (circle) aminolysis.  
 
Table 5.3 – Comparison of the experimental and the theoretical m/z ratio for the peak highlighted in the 
()ESI-MS spectra of Figure 5.9b. Herein, “j+k” refers to the total number of styrene repeating unit in the 
considered peak, according to Figure 5.9c. m is the difference between the theoretical and the experimental 
value. 
 Structure j+k m/z (exp) m/z (theo) m 
 [PS+Cl]− 24 3304.7944 3304.8003 0.0059 
 [PS+NaCl+Cl] − 24 3363.7498 3363.7583 0.0091 
 [biSH-PS+Cl] − 24 2816.5311 2816.5367 0.0056 
 
 
In Chapter 4, PFTR was performed using an initial concentration of functional groups equal 
to 0.075 mol·L−1. Since the molecular weight of the mono- (from Chapter 4) and bifunctional 
thiol polymers is similar, the same mass to solvent ratio (300 mg·mL−1) can be used, effectively 
doubling the concentration of thiol functionalities without affecting the solubility of the poly-
mer.  
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Moreover, in Section 4.2.2, it was demonstrated that the presence of disulfide bonds can be 
negligible within the first 24 h of the reaction, and that the conversion is mostly rising in the 
first 5 h from the addition of the base. Hence, the network formation was performed without 
addition of TCEP (used to reduce the disulfide bonds), at ambient temperature, and without 
removing oxygen from the reaction mixture. Here, biSH-PS(36) was reacted with 3COOPFB 
in a ratio of 1:1 (SH:PFB) using 1eq. of base (i.e. DBU) and a concentration of 300 mg·mL−1of 
polystyrene in DMF ([thiol]0 = 0.150 mol·L
−1). After one hour, the solid and the liquid fractions 
were separated, and the solid fraction washed at least three time with THF to remove the 
extractables, which were combined for further analysis. The base was considered removed from 
the gel phase after the washing procedure, while the liquid phase was passed through a short 
column of basic alumina to remove the base. Finally, both fractions were dried in a vacuum 
oven at T = 35 °C overnight. After drying, the weight of each fraction was taken to assess their 
relative amount after PFTR. The same procedure was followed when the four-armed linker 
(4COOPFB) was employed, and each reaction was repeated three times in order to ensure 
reproducible and accurate data. The networks, obtained according to the reaction scheme 
reported in Scheme 5.2, are named N3-36 and N4-36. The code is representative of the polymer 
used (PS(36)) and the crosslinker functionality (3 or 4).  
 
 
Scheme 5.2 – Reaction scheme for the synthesis of N3 or N4 networks starting from biSH-PS and either a 
three- or a four-armed linker. 
 
The relative amount of solid and liquid fractions for N3- and N4-36 was compared in Figure 
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Figure 5.10 – Relative amount of soluble (extractables) and insoluble (network) fractions after PFT reaction 
between biSH-PS(36) and either 3- or 4COOPFB (SH:PFB = 1:1, and a concentration equal to 300 mg·mL−1 
in DMF). 
 
As depicted in Figure 5.10, the use of a three- rather than a four-armed linker does not 
significantly affect the overall yield of network. In both cases, high yields were achieved, with 
a relative amount of solid fraction equal to ~80%. Additionally, the soluble fractions were 
analyzed via SEC, and the results are displayed in Figure 5.11.  
 
 
Figure 5.11 – Comparison of the SEC traces for the soluble fractions obtained after crosslinking between 
biSH-PS(36) and either 3- (pink) or 4COOPFB (blue) (SH:PFB:DBU = 1:1:1, 300 mg·mL−1 of DMF). For 
clarity, the polymeric starting material biSH-PS(36) is reported (gray).  
 
The normalized SEC trace of the extractables obtained after crosslinking reaction using 
3COOPFB (Figure 5.11, pink) is characterized by higher molecular weight than the one ob-
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connecting points than the four-armed one, thus more chains and crosslinking units need to 
interact with each other in order to achieve the gelation.  
Next, both the soluble and insoluble fractions were analyzed via 19F NMR measurements to 
determine the amount of unreacted functional groups. As before, the average values of three 
independent sets of data were considered and the average values are depicted in Figure 5.12. 
On the one hand, the linker appears to be fully reacted within the network (empty symbols), or 
at least within the limit of detection of the NMR experiments for a complex system such as an 
organogel in gel phase, where the resonances become broad and the signal to noise ratio 
decreases. On the other hand, a higher amount of unreacted moieties is present in the soluble 
fractions. The average conversion value is approximately 75% for N3-36 and 60 % in case for 
N4-36. Thus, slightly higher conversions seem to be achievable for the three-armed linker. One 
hypothesis is that the network obtained with a four-armed linker is more densely packed, thus 
the mobility of the chains and the probability of the end-groups to react with each other is lower 
at higher conversions, resulting in a higher amount of unreacted PFB groups. 
 
 
Figure 5.12 – Functional group conversion, expressed as percentage of reacted fluorinated aromatic groups 
in the soluble (filled symbol) and insoluble (empty symbol) fractions for the networks obtained via PFTR 
employing biSH-PS(36) and either 3- (pink) or 4COOPFB (blue) (SH:PFB:DBU = 1:1:1, and a concentra-
tion of 300 mg·mL−1 in DMF). 
 
In order to prove the validity of the 19F NMR measurements performed in the gel-phase, a 
selected network (N4-36) was degraded upon cleavage of the ester bond present on the linker 
structure (refer to Scheme 5.2). For the cleavage, the network was swollen in an excess of THF 
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After stirring of the reaction mixture overnight (16 h), the organic and water phases were sep-
arated. The organic phases were concentrated under reduced pressure and analyzed. The results 
from the 19F NMR and SEC analysis are reported in Figure 5.13.  
 
 
Scheme 5.3 – Reaction scheme for the degradation of a typical polystyrene network obtained via PFTR. The 
degradation was performed upon swelling of the network in a mixture of THF and an aqueous solution of 
NaOH 1 M overnight (16 h).  
 
The 19F NMR spectra before and after cleavage (Figure 5.13, left) are in good agreement with 
each other. As expected, after cleavage the signal to noise ratio is improved and the quantifica-
tion more accurate. However, resonances at  = −161.7 ppm (unreacted meta- fluorine atom) 
are visible in both spectra. 
In the SEC trace of the degraded N4-36 network (Figure 5.13, right, green line), the main peak 
corresponds to the elastic chain. The position of the peak is shifted towards higher molecular 
weight compared to the polymer precursor, because of the incorporation of the fluorinated 
group at the end of the chain as a consequence of the crosslinking process (Mc > Mn). Moreover, 
small peaks at higher and lower molecular weight are visible. The former can be attributed to 
incomplete cleavage, while the latter to the cleavage of the elastic chain, which also contains 
an ester bond in the middle of the chain (refer to Scheme 5.3). 
NaOHNaOH
≡
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Figure 5.13 – Left: 19F NMR spectra (CDCl3, 377 MHz) of N4-36 before (top) and after (bottom) degradation. 
Right: SEC traces of the polymer precursor used for the synthesis of N4-36 (biSH-PS(36), black), and N4-
36 after degradation (green).  
 
Additionally, the networks were characterized via XPS and ToF-SIMS analysis. Here, it is 
worth to remember that the signal to noise ratio during the measurement, as well as the ioniza-
tion is highly dependent on the roughness of the surface, with flat surfaces being a more suitable 
substrate. Hence, polymer networks with rough surfaces are not an ideal candidate for XPS and 
ToF-SIMS analysis. Moreover, the low percentage of aromatic fluorinated groups, present only 
at the crosslinking points in percentage of ~3%, made the use of these techniques challenging 
and less sensitive compared to the previous section (Section 5.1). Thus, only the results for N4-
36 as representative network are reported in Figure 5.14and Figure 5.15 for ToF-SIMS and 
XPS analysis, respectively.  
 
 
Figure 5.14 – ToF-SIMS analysis on the precursor linker (4COOPFB, orange) and the synthesized network 
(N4-36, blue). Highlighted is the relative abundance of the fluorinated aromatic ring before (left) and after 
(right) PFTR.  
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Upon ToF-SIMS analysis it can be noticed that the unreacted fragment ([C6F5]
−, m/z = 167 ) is 
characterized by a high intensity in the linker (4COOPFB) but it is almost absent in the poly-
meric network (N4-36). This and the high percentage of the reacted fragment ([C7SHOF4]
−, 
m/z = 209) indicate that the reaction has proceeded according to the proposed pathway, which 
is in agreement with the results obtained via 19F NMR spectroscopy.  
 
 
Figure 5.15 – XP C1s spectra of the pristine linker (4COOPFB, top, black line) and the freshly synthesized 
network (N4-36, bottom, blue line). 
 
Concerning the XPS analysis instead, the C1s spectrum allows for the identification of the C-
F peak in case of the linker precursor (4COOPFB, Figure 5.15, top) but not in case of the 
polymer network (N4-36, Figure 5.15, bottom). As previously mentioned this is mainly due to 
the roughness of the surface, and low percentage of the fluorine atoms within the sample in 
combination with the high percentage of the C-C bonds arising from the polymer backbone.  
Notably, the decrease in sensitivity encountered for XPS and ToF-SIMS analysis is a minor 
issue, as they need to be considered as qualitative analysis. Accordingly, the main goal of ac-
cessing the amount of unreacted functionality is achievable via 19F NMR spectroscopy, as 
shown in Figure 5.13.  
Finally, the swellability – important for potential application of such networks – was tested. 
Herein, toluene was selected as solvent due to its favorable interactions with the polystyrene 
backbone. The experiments were performed by immersing a known amount of dry network (5-
10 mg) in a solution of toluene (~5 mL). After the network was left swelling for 16 h, the gel 
was separated from the solution. Subsequently, the excess of solvent was removed from the 
outer surface of the material, and the weight of the swollen network was measured. The ratio 
4COO-PFB
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between the amount of solvent within the gel matrix and the dry network defines the swelling 
degree of a given gel according to Equation 2.22. The experiment was performed on three sam-
ples for each synthesis.  
The average degree of swelling for the N3-36 network is 6.4 ± 0.5, while it is 5.8 ± 0.2 for N4-
36, thus the swelling degree is higher when a three-armed linker is used. This is expected since 
the polymer precursor used was identical but in the former case the crosslinker has a lower 
number of functionality (f), so a less crosslinked microstructure. The difference in the swella-
bility in relation to the crosslinker functionality is also predicted by the phantom model theory 
(discussed in details in Section 2.3.2), where the pre-factor A of the elastic term includes the 
term f (Equation 2.21). For this reason, the phantom model was used for calculating the theo-
retical degree of swelling. For the calculation it is important to define the average molecular 
weight of the elastic chain (Mc), which resulted equal to 4277 g·mol
−1 for PS(36), according to 
Equation 2.26. Moreover, the concentration during the crosslinking process here equal to 
300 mg·mL−1 (PS in DMF), needs to be expressed as volumetric ratio qc. In this case, qc was 
found to be 4.5 according to Equation 5.2.  
 
 
where mPS and PS (PS = 1.044 g·mL−1) are the mass and the density of polystyrene, respec-
tively, and VDMF is the volume of solvent, here DMF. The predicted differences in Qeq between 
N3-36 and N4-36 swollen in toluene ( = 0.44[212]) is visualized in Figure 5.16.  
 
 
Figure 5.16 – Graphical representation of the equation of state for a PS network swollen in toluene, 
highlighting the difference in the theoretical swelling behavior when using a three- (pink) and a four- (blue) 
armed linker but the same bifunctional polymer precursor (PS(36)). Here,  = 0.44 (mixing term, 
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The swelling values reported on the x axis of Figure 5.16 are expressed as volumetric ratio (q). 
The mass ratio is calculated from q by applying Equation 2.23, thus resulting in Qeq,theo = 6.1 
and 5.0 for the three- and the four-armed linker, respectively. Hence, the deviation between the 
experimental and theoretical value, expressed as percentage and calculated according to Equa-
tion 5.3, is equal to 5% and 16% for N3-36 and N4-36, respectively.  
 
 
The amount of solvent used during the crosslinking reaction needs to ensure the solubility of 
the precursor and favor inter- over intramolecular reactions. Accordingly, high dilutions lead 
more easily to loop formation (Figure 2.6), while high concentrations limit diffusion of the 
chains. Thus, N4-36 was synthesized using different concentrations (150, 300 and 
450 mg·mL−1) during the crosslinking reaction. 
As before, after reaction the soluble and the insoluble fractions were separated, washed with 
THF, and dried in vacuum. The percentage of each fraction is plotted in Figure 5.17 (left), 
while the conversion obtained after 19F NMR measurements on both fractions is depicted in 
Figure 5.17 (right).  
 
 
Figure 5.17 – Left: Relative amount of the soluble and insoluble fractions, expressed as percentage. Right: 
Percentage of PFB groups reacted in the soluble (filled symbols) and insoluble (empty symbols) fractions of 
different networks. Each network was obtained employing biSH-PFB(36) and 4COOPFB linker (SH:PFB = 
1:1) but using different concentration of polymer in DMF during the crosslinking reaction. The concentration 
used is stated in the x axis. 
 
The relative amount of network obtained after reaction is higher for the network synthesized at 










































































 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 % = |
𝑄eq,theo −𝑄eq,exp
𝑄eq,theo
| ∗ 100 (5.3) 
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was used (Figure 5.17, left). At 450 mg·mL−1, only 55% of network is obtained. This is possibly 
a consequence of the limited diffusion of the chains, due to the high concentrations.  
The results from the 19F NMR measurements instead evidence almost full conversion within 
the insoluble fractions at all concentrations. For the soluble fractions, a similar conversion is 
achieved for the network synthesized at 450 and 300 mg·mL−1, while a lower number of unre-
acted PFB group is visible when a concentration of 150 mg·mL−1 was used. These results are 
in agreement with the hypothesis that diffusion becomes more limited as the concentration in-
creases.  
Moreover, it is important to compare the experimental degree of swelling to the theoretical 
values in order to verify whether higher dilution led to the formation of primary loops. In fact, 
primary loops are elastically inactive chains and do not participate in the swelling, leaving the 
network structure more open (i.e. larger meshes), which results in a higher swelling ratio. The 
presence of loops, however, cannot be detected via 19F NMR measurements as both the chain 
ends are reacted. Thus, the swelling behavior was evaluated for each network in toluene and 
the comparison between theoretical and experimental value is summarized in Table 5.4  
 
Table 5.4 – Summary of the experimental (Qeq,exp) and theoretical (Qeq,theo) degree of swelling (w/w ratio) for 
N4-36 networks synthesized at different concentrations. The deviation percentage is calculated according to 
equation 5.3. q is the theoretical swelling (v/v ratio) using the phantom model. 
Concentration qc (a) q Qeq,theo Qeq,exp Deviation (%) 
150 mg·mL
−1
 8.0 8.3 6.1 7.0 ± 0.5 15 
300 mg·mL
−1
 4.5 7.0 5.0 5.8 ± 0.2 16 
450 mg·mL
−1
 3.3 6.4 4.5 5.5 ± 0.2 23 
(a)qc = concentration during the crosslinking reaction, calculated according to equation 5.2 
 
As shown in Table 5.4, a deviation of approximately 15% from the theoretical value is observed 
for the networks synthesized at 150 and 300 mg mL−1, while a slightly higher deviation (23%) 
is seen for the network synthesized at 450 mg mL−1. 
Hence, because of the higher deviations (Table 5.4) and the lower amount of network achieva-
ble (Figure 5.17, left), the latter concentration (450 mg·mL−1) was excluded. Another important 
consideration is that polymer precursors with higher molecular weight will be used in the next 
step. This is relevant because for a given polymer to solvent ratio, the concentration of func-
tional group is lower when longer polymer chains are used. Thus, the concentration choice is a 
compromise between ensuring a sufficiently high concentration of functional groups for effi-
cient network synthesis (faster reaction rates and limited loop formation), while still facilitating 
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diffusion necessary for sufficient yields. With this in mind, a concentration of 300 mg·mL−1 
was chosen as the standard concentration for network synthesis. 
Thus, as anticipated, in the next step the average length of the elastic chain was varied to finely 
tune the degree of crosslinking. For this purpose, longer polymer chains were synthesized ac-
cording to the procedure reported in Chapter 7 (Section 7.5) but varying the RAFT agent to 
monomer ratios during the polymerization. In detail, the polymerization was performed em-
ploying molar ratios of 1:200, 1:250 (RAFT:monomer). This resulted in the synthesis of PS(64) 
and PS(82), having Mn = 7300 (Ð = 1.1) and 9300 g mol
−1 (Ð = 1.1), respectively. The corre-
sponding SEC trace of the previous and the new polymers before (solid line) and after (dashed 
line) aminolysis are reported in Figure 5.18, while a summary of the different molecular weight 
is given in Table 5.5. The use of PS(36), PS(64), PS(82) leads to, respectively, short, medium 
and long elastic chains in the final polymer network. The number in brackets represents the 
number of repeating unit within the polymer chain.  
The 1H and 13C NMR spectra of PS(64) and PS(82) before and after aminolysis are reported in 
Appendix (Figure 8.24 and Figure 8.25, respectively). The spectra are comparable to those 




Figure 5.18 – SEC traces of the polystyrene precursors used for the synthesis of PS networks via PFTR.  
 
The crosslinking reaction via PFTR was performed for each polymer precursor with both the 
three- and the four-armed linker. In each case, a concentration of 300 mg·mL−1 of polymer in 
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sized networks, including the thiol/linker combination and their relative reaction codes is re-
ported in Table 5.5. As example, the network N3-36 refers to a network (N) synthesized using 
the three-armed linker (3) and characterized by elastic chains having 36 repeating units (36).  
 
Table 5.5 – List of the bifunctional polymer precursors used in this section including their molecular weight 
(Mn), the dispersity index (Ð) and the molecular weight of the corresponding elastic chain after network 
formation (Mc). Moreover, a summary of the networks synthesized varying the thiol/linker combination is 











biSH-PS(36) 3800 1.1 4277 3COOPFB N3-36 
biSH-PS(36) 3800 1.1 4277 4COOPFB N4-36 
biSH-PS(64) 6650 1.1 7127 3COOPFB N3-64 
biSH-PS(64) 6650 1.1 7127 4COOPFB N4-64 
biSH-PS(82) 8500 1.1 8977 3COOPFB N3-82 
biSH-PS(82) 8500 1.1 8977 4COOPFB N4-82 
         (a)Mn and Ð are determined via SEC based on polystyrene calibration. 
         (b)Mc is determined according to Equation 2.26. 
 
At first, the relative ratio between the soluble and the insoluble fractions was investigated to 
evaluate whether any chain length dependency could be observed. The results for both three- 




Figure 5.19 – Relative amount, expressed as percentage, of the insoluble (empty symbol) and soluble (filled 
symbol) fractions for polystyrene networks synthesized via PFTR. The reaction was performed using polymer 
precursors of different molecular weight (Mn is highlighted along the x axis), and either a three- (pink) or a 
four- (blue) armed linker. 
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All values reported in Figure 5.19 are rather similar to each other and small variations are well 
within the error bars. Thus, no clear trend in the yield of relative amount of soluble and insol-
uble fraction is observed regardless of whether a three- or a four-armed linker was used, nor 
when different polymer precursors were used. Next, the amount of unreacted functionality was 
calculated via 19F NMR analysis. The results are depicted in Figure 5.20. 
 
 
Figure 5.20 – Functional groups conversion in the insoluble (empty symbol) and soluble (filled symbol) frac-
tions as obtained via 19F NMR measurements for different networks. The networks were obtained upon PFT 
reaction between a three- (N3- series, pink) or a four- (N4- series, blue) armed linker and several bifunctional 
thiol polymer precursors, which molecular weight is reported along the x axis. 
 
After comparison of the conversion in all the synthesized networks, the difference between the 
three- and the four-armed linker is less pronounced. In detail, nearly full conversion is achieved 
in each case. Interestingly, the unreacted moiety in the soluble fractions are rather low, reaching 
only ~25% of the total amount of PFB groups in most cases. The functional group conversion 
is largely the same regardless of the polymer chain length or whether a three- or a four-armed 
linker was used. The lowest conversion values are achieved for the soluble fraction when 
PS(36) is employed, probably associated with a higher degree of crosslinking, and thus the 
more tightly packed microstructure.  
Nonetheless, the findings reveal that PFTR can be broadly applied to the fabrication of polymer 
networks. Positively, the performance of the reaction in terms of functional group conversion, 
was independent from the chain length of the tested polymer precursors, allowing for a broad 
use of the ligation and an easy tuning of the final properties.  
In the final step, the swelling behavior of the different networks in toluene was tested. The 
adopted procedure is identical to the one described for N4-36. The experimental data are dis-
played in Figure 5.21 as degree of swelling against molecular weight of the polymer precursor 
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(Mn). A list of the experimental and theoretical swelling degree, as calculated using the phan-
tom model, and the deviation between the two values is summarized in Table 5.6. 
 
Figure 5.21 – Degree of swelling for different networks obtained via PFTR employing a three- (N3 series, 
pink) or a four- (N4 series, blue) armed linker and several bifunctional thiol polymer precursors. The molec-
ular weight of the polymer precursor used is reported along the x axis.  
 
 
Table 5.6 – Comparison between the theoretical (Qtheo) and experimental (Qexp) degree of swelling (w/w ratio) 
for the polystyrene networks in toluene (= 0.44). The deviation between the two values is calculated ac-
cording to Equation 5.3. q is the theoretical swelling (v/v ratio) as obtained using the phantom model. 
Network q Qeq,theo Qeq,exp Deviation (%) 
N3-36 8.4 6.1 6.4 ± 0.5 4.9 
N4-36 7.0 5.0 5.8 ± 0.2 16.0 
N3-64 10.8 8.1 8.7 ± 1.2 7.4 
N4-64 8.9 6.5 7.0 ± 0.4 7.0 
N3-82 12.0 9.1 10.4 ± 1.4 14.3 
N4-82 9.9 7.4 9.2 ± 0.8 24.5 
 
As expected, the degree of swelling increases for larger mesh size.  
Both N3 and N4 series show a minor deviation (maximum 7.4 and 16%, respectively) from the 
theoretical value for short and medium chains, while larger deviation within each series are 
observed when biSH-PS(82) is the precursor (14.3% and 24.5% for N3-82 and N4-82, respec-
tively). Since this behavior is observed for both types of networks, independently from the 
crosslinker functionality, the reason for the larger deviation is likely to derive from the polymer 
precursor. One hypothesis is that longer chains lead to more defects due to the larger distance 
between the functional groups and thus the higher flexibility of the chain, which might increase 
the possibility of loop formation. However, no proof for this assumption can be achieved by 
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recording 19F NMR spectroscopy, because both ends of the elastic chain involved in a loop are 
reacted, but its arrangement in space causes structural defects (i.e. loops cannot be distinct from 
regular meshes via 19F NMR measurements). For analysis of loop formation, the network dis-
assembly strategy (NDS) based on asymmetric cleavage of the elastic chain (discussed in Sec-
tion 2.3.4) is the only valid option available so far.  
Nonetheless, the main focus here was not the quantification of loops formed during the network 
synthesis, rather introducing a method for directly detect defects such as unreacted moieties. In 
addition, the understanding of whether the network obtained via the end-linking strategy (ELS), 
using PFTR ligation (and a four-armed linker), were more homogeneous than an equivalent 
network (same degree of crosslinking, DC) obtained via conventional free radical polymeriza-
tion (FRP) was considered. In order to answer this question, networks having the same DC 
need to be synthesized via FRP approach. Thus, the FRP of styrene and divinylbenzene (DVB) 
was performed at 80 °C, employing AIBN (0.1 eq. with respect to styrene) as thermal initiator. 
Here, the molar ratio, expressed in percentage, between DVB and styrene defines the DC, 
which was adjusted to match the one of the networks synthesized via ELS (see Table 5.7). At 
first, the reaction was carried out at a concentration of 300 mg·mL−1 of styrene in DMF, as for 
the end-linking approach. However, this combination did not lead to any network formation in 
a time frame of three days. Further increasing the amount of AIBN from 0.1 eq. to 0.3 eq. was 
also not beneficial, thus the amount of solvent was significantly reduced and the networks were 
synthesized using an equal amount of monomer and solvent (qc = 2). Upon reduction of the 
amount of solvent during the crosslinking process, the networks were achieved after a reaction 
time of 24 h. Subsequently, the networks were extensively washed to remove the extractables 
and after drying of the network, the swelling behavior in toluene was evaluated. The data are 
reported in Table 5.7, where the experimental values obtained for the networks synthesized via 
FRP and ELS are compared to the theoretical values. The theoretical values are calculated ac-
counting for the different degree of crosslinking between the samples and the different amount 
of solvent used during the synthesis (qc).  
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Table 5.7 – Comparison of the theoretical (Qeq,theo) and experimental (Qeq,exp) degree of swelling (w/w ratio) 
in toluene for the polystyrene networks having different degree of crosslinking (DC) synthesized either via 
end-linking strategy (N4) using PFTR as ligation or via free radical polymerization (FRP). The theoretical 
values are obtained according to the phantom model (q, v/v ratio). 
Network DC q (b) Qeq,theo Qeq,exp Deviation % 
N4-36 2.7(a) 7.0 5.0 5.8 ± 0.2 16.0 
FRP-36 2.7 5.5 3.7 5.0 ± 0.9 34.4 
N4-64 1.6(a) 8.9 6.5 7.0 ± 0.4 7.0 
FRP-64 1.6 6.9 4.9 8.1 ± 0.7 65.3 
N4-82 1.2(a) 9.9 7.4 9.2 ± 0.8 24.5 
FRP-82 1.2 7.7 5.5 10.8 ± 0.6 95.5 
(a)calculated according to Equation 5.1 
 
A visualization of the results, in terms of deviation between the experimental and theoretical 
degree of swelling, is depicted in Figure 5.22.  
 
Figure 5.22 – Visualization of the deviation between theoretical and experimental degree of swelling (w/w 
ratio) for the N4-series (blue) obtained via the end-linking strategy using PFTR as crosslinking reaction 
(qc = 3.5) and FRP (green) networks (qc=1). The different concentration used during synthesis is taken into 
account in the qc parameter during calculation. 
 
Upon comparison of the experimental degree of swelling of the networks synthesized via FRP 
and ELS with the corresponding theoretical values, it is clear that higher deviations are ob-
served for FRP. In details, as the degree of crosslinking decreases, the percentage error in-
creases (Table 5.7), suggesting that defects are more probable with lower amount of crosslink-
ing agent. One cause for the higher deviation observed in FRP samples is the crosslinking effi-
ciency, which is influenced by the amount of solvent. Nonetheless, the experimental degree of 
swelling is double that of the predicted value for DC = 1.2 (FRP-82), indicating a strong pref-
erence for cyclization rather than crosslinking during synthesis.  
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Moreover, in Figure 5.22, one additional network is presented (empty circle). This network was 
synthesized via ELS using an equimolar mixture of polymer precursors having different chain 
lengths: biSH-PS(36) and biSH-PS(82). The resultant network (N4-mixed) was characterized 
by a DC ~1.6, similar to N4-64. Despite the similarity, Figure 5.22 shows that higher deviations 
from the theoretical value are observed for the N4-mixed network compared to N4-64, 30% 
against 16%, respectively. Higher deviation can derive either from the usage of different poly-
mer precursors, i.e. inhomogeneous average elastic chain lengths, or from the use of the long 
bifunctional thiol polymer biSH-PS(82) per se, which led to higher deviation already also when 
used individually during the synthesis of N3-82 and N4-82. Additionally, the network N4-
mixed represents an example of network with “controlled” inhomogeneity. In other words, the 
use of two different polymer precursors leads to the presence of both short and long elastic 
chains within the final structure, and thus to an inhomogeneous pore size distribution.  
N4-mixed was intentionally synthesized to verify the ability of the 1H NMR relaxometry, al-
ready used in Chapter 3 to detect the presence of inhomogeneity within the network micro-
structure. Accordingly, the mobility of the elastic chains present in the resultant network is 
expected to be the sum or the average of the ones of the polymer precursors. The relaxation 
decay curves of N4-mixed, and of the networks N4-36 and N4-82 obtained by solely using 
biSH-PS(36) and biSH-PS(82), respectively, are compared in Figure 5.23. 
 
 
Figure 5.23 – Left: T2 relaxation curve for N4-36 (black), N4-82 (red) and N4-mixed (light blue). N4-mixed 
was synthesized using an equimolar ratio of functional groups arising from PS(36) and from PS(82). Right: 
deconvoluted relaxation decay for N4-36 (black), N4-82 (red) and N4-mixed (light blue).  
 
In general, the rigidity increases with increasing the degree of crosslinking, thus for shorter 
elastic chain. From the relaxation decay reported in Figure 5.23 (left) it is visible that the net-
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work N4-36 is characterized by a higher rigidity. The higher rigidity is in line with the expec-
tation as a shorter polymer precursor was used during the synthesis compared to N4-82. Con-
cerning the relaxation decay of N4-mixed (Figure 5.23, light blue triangle), it can be seen that 
at short relaxation time (rigid part) the contribution of PS(36) is more significant, while at 
longer relaxation time (mobile part) the decay resemble more the one of N4-82. For an easier 
read-out of the results, the relaxation decay is deconvoluted via Inverse Laplace Transformation 
(ILT). The deconvolution of the signal of N4-mixed shows a contribution of both the long and 
the short chains, as the peak maximum of the two peaks appearing in the T2 distribution match 
with those of N4-36 or N4-82. However, the T2 distribution of N4-36 but mostly of N4-36 
indicates a pronounced inhomogeneity of the networks, despite the excellent agreement be-
tween the experimental and the theoretical degree of swelling. Notably, all the relaxation de-
cays are similar to each other, indicating that the differences in molecular weights between the 
elastic chains are minor for the adopted method. It has to be mentioned that the method was 
adopted from the literature, where the optimization of the NMR relaxation experiment was 
performed on polyelectrolyte networks, thus on networks characterized by high degree of 
swelling. Therefore, it is possible that not all parameters for the NMR relaxation experiment 
are optimized for the polystyrene networks, which are characterized by low degree of swelling. 
For example, the network to solvent ratio used for the sample was equal to 1:5 w/w. The ratio 
is similar to the degree of swelling for N4-36, but is approximately half of the swelling degree 
for N4-82. The different level of stretching of the chains leads to differences in the relaxation 
decay. The temperature and the solvent used for analysis might also require optimization, and 
it will be part of future works.  
Meanwhile, from the synthetic point of view, the attention was shifted to the synthesis of pol-
ymer networks more suitable for the targeted application, e.g. hydrophilic poly(acrylic acid) 
networks. Here, one important consideration is the need of using a protecting group strategy. 
This is because the presence of free carboxylic groups in acrylic acid lowers the reaction rate 
and the conversions achievable during PFTR, as discussed in Chapter 4. Thus, poly(tert-bu-
tylacrylate) was synthesized via RAFT polymerization using biDoPAT as RAFT agent. The 
polymerization kinetics showed the suitability of the RAFT agent for the polymerization of 
tert-butylacrylate as reported in Appendix (Figure 8.26). However, in the literature it is reported 
that performing aminolysis on (meth)acrylate polymers can lead to side reactions due to intra-
molecular backbiting reactions, as shown in Scheme 5.4.[213] 
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Scheme 5.4 – Side reaction occurring during the reaction of aminolysis of (meth)acrylate polymers. 
 
The presence of backbiting reactions reduce the number of thiol groups available for PFTR. 
Thus, in the next step the use of fluorinated rather than thiol polymers will be eval-
uated as a potential strategy to overcome the backbiting reaction. This approach will still allow 
to take advantage of the PFTR as ligation for the crosslinking process, and to expand the ap-
plicability of PFTR to a larger library of polymer precursors. The suitability of PFTR for the 
synthesis of polymeric networks was indeed extensively demonstrated utilizing a variety of 
systems consisting of both three- and four-armed linkers. Importantly, the efficiency of the 
reaction was demonstrated, with yields of ~80% of network readily achievable, along with 
nearly full conversion quantified using 19F NMR spectroscopy as a powerful analytical tool. 
The swelling behavior of the freshly synthesized network is in good agreement with the theo-
retical predicted value (phantom model), with smaller deviations observed for shorter elastic 
chains.  
The networks were further characterized via XPS and ToF-SIMS, which resulted less sensitive 
in the detection of fluorine groups in case of polymeric networks due to the lower percentage 
of fluorinated group in combination with a high roughness of the surface. Nonetheless, the main 
goal was the quantification of unreacted moieties simply via 19F NMR measurements, which 
has been achieved and extensively demonstrated. 
With these positive results in hand, the use of PFTR, shown here to be a viable and potentially 
powerful tool (both synthetically and analytically), is expanded also to polymers that are sen-
sitive to the aminolysis step. This is achieved by using well-defined fluorinated polymer 
precursors and commercially available thiol linkers, as detailed in the next session.   
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5.2.2 Polymeric Fluorinated Derivatives 
The current section discusses the introduction of pentafluorobenzyl (PFB) groups as chain ends, 
with two main advantages in mind. First, the use of commercially available thiol linkers, and 
second, the possibility of overcoming the step of aminolysis, which can cause issues such as 
backbiting reactions for some polymers as, for instance, (meth)acrylates.[213] 
The first and easiest way to obtain PFB-polymers is the synthesis of the desired polymer 
using a custom designed fluorinated RAFT agent. Accordingly, a suitable fluorinated RAFT 
agent (biPFB, Figure 5.24), which synthesis is reported in Section 7.5, was used for the RAFT 
mediated polymerization of styrene (Figure 5.24, top) employing a molar ratio of 1:150 
biPFB:styrene. The product, biPFB-PS, presented a Mn = 7300 g mol
−1 and Ð = 1.1, according 
to SEC analysis (Figure 5.24, bottom).  
 
 
Figure 5.24 – Top: Reaction scheme for the synthesis of bifunctional fluorinated polystyrene (biPFB-PS), 
starting from a custom designed RAFT agent. Bottom: SEC traces after the polymerization of styrene per-
formed with a molar ratio of 1:150 RAFT agent:styrene, at 70 °C in bulk for 4 h.. 
 
Initially, the possibility of performing PFTR was tested employing an aliphatic monofunctional 
thiol (aliphSH) and the synthesized biPFB-PS. For the reaction a 1:1:1 stoichiometric ratio of 
SH:PFB:DBU, and an initial concentration of [PFB]0 = 0.15 g·mol
−1 in DMF was used. After 
one hour, the crude reaction mixture was filtered through a short column of basic alumina for 
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the full conversion observed from the 19F NMR spectrum (see Appendix, Figure 8.27), the SEC 
trace, displayed in Figure 5.25 together with the precursor polymer biPFB-PS, revealed a less 
ideal scenario.  
 
 
Figure 5.25 – Top: Reaction scheme for PFTR between biPFB-PS and a monofunctional thiol (alipSH). The 
reaction was performed using an initial ratio SH:PFB = 1:1, and 1 eq. of DBU as base, [PFB]0 = 
0.15 g·mol−1 in DMF. Bottom: SEC traces before (black) and after (green) PFTR. 
 
Clearly, two main peaks can be observed in the SEC trace after PFTR (Figure 5.25, green). The 
main peak is ascribable to the desired PFTR product. The peak at lower molecular weight prob-
ably originates from a side reaction where the trithiocarbonate – being sensitive to nucleophiles 
(e.g. amines) – is attacked by the thiolate instead of at the fluorinated aromatic ring. Since the 
trithiocarbonate group is present in the middle of the polymer chain (Figure 5.25, top), its cleav-
age leads to a ´dead´ polymer having a molecular weight equal to approximately half of its 
original value and a newly formed thiol polymer, which can subsequently react via PFTR. This 
latter polymer is, in a first approximation, the reason for the shoulder observed at high molec-
ular weight (Figure 5.25). 
Thus, it is clear that this strategy does not appear to be viable without the sensitive trithiocar-
bonate moiety being protected or removed. Removal of the thiocarbonate group to prepare thiol 
polymers (aminolysis) has already been investigated in Section 5.2.1 and in Chapter 4. An-
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reaction of a suitable thiocarbonate group with a photocaged diene (photoenol) (refer to Chap-
ter 2, section 2.1.2).[66]  
Here, a tailored photoenol bearing PFB groups (PFB-PE) serves both purposes: removing the 
sensitive thiocarbonate group and introducing the desired functional group (PFB) at the same 
time. The synthetic strategy is presented for a monofunctional polymer in Scheme 5.5, while 
the detailed synthesis of PFB-PE is described in Section 7.5.  
 
 
Scheme 5.5 – Reaction scheme for the one-pot removal of the sensitive thiocarbonate moiety and the intro-
duction of the fluorinated group on the polymer chain  
 
Given the possibility of simply esterifying CTACOOH to yield a symmetric RAFT agent 
(biCTA), the synthetic route presented in Scheme 5.5 can be used to prepare PFB 
polymers from the bifunctional RAFT agent. Thus, biCTA, synthesized according to the 
procedure reported in Section 7.5, was used for the polymerization of methylmethacrylate as 
shown in Figure 5.26 (top). The RAFT polymerization was performed in dioxane at 70 °C 
employing a ratio of RAFT agent to monomer equal to 1:150 (for more details refer to 
section 7.5). The polymer is recovered by precipitation in a cold mixture of methanol:water 
(4:1). The precipitation was repeated several times until no monomer was left, as observed via 
1H NMR spectroscopy. This is particularly important in case of (meth)acrylate monomers as 
the double bond is an activated –ene (Michael type) and thus it is a substrate for hDA reaction 
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or nucleophilic attack. The final product (biPMMA) presented a molecular weight of 
7000 g·mol−1 (Ð = 1.2), according to SEC analysis (Figure 5.26, bottom, black). 
Subsequently, biPMMA was functionalized with PFB-PE (as shown in Scheme 5.5) by 
irradiating the reaction mixture in a custom made photoreactor at  = 320 nm for 1 h (refer to 
Section 7.5). The final product (biPFB-PMMA) was analyzed via SEC (Figure 5.26, bottom, 
light blue) and presented a Mn = 8100 g·mol
−1 (Ð = 1.2). The increase in the molecular weight 
compared to biPMMA precursor is due to the incorporation of the PFB-PE group at both ends.  
 
 
Figure 5.26 – Top: Reaction scheme for the synthesis of biPMMA via RAFT polymerization, starting from a 
custom designed RAFT agent (biCTA). Bottom: SEC trace of the polymer as obtained after polymerization 
(biPMMA, black line), and after functionalization with PFB-PE (biPFB-PMMA, light blue line). Mn = 7000 
g mol−1 (Ð = 1.2) and 8100 g mol−1 (Ð = 1.2) before and after functionalization, respectively.  
 
Furthermore, for a more precise elucidation of the chemical structure, the ESI-MS, 1H and 19F 
NMR spectra for biPMMA before and after functionalization were recorded. While the 1H and 
19F NMR spectra are reported in Appendix (Figure 8.28), the ESI-MS spectra of the precursor 
and the product are reported in Figure 5.27. In detail, the ESI-MS spectra were recorded in 
positive ion mode, thus the molecule is present as [M+nNa]n+ adduct. 
In the full spectra (Figure 5.27a), recorded in the m/z = 1400-2700 range, the triple and double 
charged distributions are visible. Thus, a m = 100.053, corresponding to the molecular weight 
of the MMA used as monomer, is found each three or two consecutive peaks, respectively 
(Figure 5.27b). Moreover, the m/z ratio of a selected polymer chain (e.g. having 57 repeating 
unit Figure 5.27b, red symbols) before and after functionalization with PFB-PE is equal to 
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end group after functionalization. Overall, the excellent agreement between the experimental 
and simulated ESI-MS spectrum for biPFB-PMMA (Figure 5.27c, repeating unit = 57), con-
firms the synthesis of the desired fluorinated poly(methyl methacrylate). Additionally, a 
selected list of peaks appearing in the ESI-MS spectra is listed in Table 5.8. 
 
Figure 5.27 – (+)ESI-MS analysis on biPMMA before (black) and after (blue) functionalization. a. Full 
spectra recorded in the m/z = 1400-2700 range. b. Representative zoom in order to identify the main species. 
Herein, m = 100.053 represents the repeating unit, methyl methacrylate. A selected list of peaks is summa-
rized in Table 5.8. c. Experimental and simulated ESI-MS spectrum for biPFB-PMMA with a total of 57 
repeating units (j+k). d. Chemical structure for biPMMA before (square) and after (circle) functionalization. 
 
Table 5.8 – Comparison of the mass to charge ratio (m/z) for the peak highlighted in Figure 5.27b. Herein, 
j+k represents the total number of repeating units and m the difference between the experimental and the 
theoretical m/z. 
 Structure j+k m/z (exp) m/z (theo) m 
 [biPMMA+2Na]
2+
 36 2154.5020 2154.4974 0.0046 
 [biPMMA+3Na]
3+
 57 2144.3669 2144.3613 0.0056 
 [biPFB-PMMA+2Na]
2+
 33 2455.5164 2455.5073 0.0091 
 [biPFB-PMMA+3Na]
3+
 57 2444.4266 2444.4207 0.0059 
 
j+k = 57
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In the following step, biPFB-PMMA was used for the synthesis of polymeric networks in 
combination with a four-armed, commercially available, thiol linker (pentaerythritol tetrakis(3-
mercaptopropionate, 4COOSH). The reaction scheme is proposed in Scheme 5.6. The cross-
linking reaction was carried out using an equimolar of SH:PFB, and a concentration of 
300 mg·mL−1 in DMF, as for the previous section. Upon addition of DBU (i.e. base, 1eq.), the 
reaction mixture turned to a dark color, but no network formation was observed. 
 
 
Scheme 5.6 – Reaction scheme for the synthesis of polymeric network starting from biPFB-PMMA and a 
commercially available four-armed thiol linker (4COOSH).  
 
Hence, the crude mixture was analyzed via 19F NMR spectroscopy, which indicated that the 
reaction proceeded with quantitative conversion, despite the absence of network. Notably, the 
resonances of the ortho- and meta- fluorine after PFTR appeared at  = −138.0 and −149.2 ppm 
instead of  = −133.7 and −141.6 ppm, respectively (Figure 5.28, middle).  
Most likely, the difference in the chemical shift is associated with the degradation of the linker 
or bifunctional polymer, which inhibits network formation. The reaction was thus repeated in 
THF where the thiolate ions are less nucleophilic and potentially less likely to cause side reac-
tions. After 1 h of reaction time however, no network was observed. The 19F NMR spectra of 
the polymer precursor (top) and of the soluble fractions after PFTR for the reaction in both 
DMF (middle) and THF (bottom) are compared in Figure 5.28.  
As already mentioned, for the reaction in DMF (middle), the resonances of the ortho- and meta- 
F atoms after PFTR do not correspond to those typical of PFTR reaction observed previously. 
Interestingly, when THF was used as a solvent, the characteristic resonances after PFTR are 
present but the conversion is equal to only 40% (Figure 5.28, bottom), which may be the reason 
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Figure 5.28 – 19F NMR spectra (CDCl3, 377 MHz) of the reaction mixture before (top) and after PFTR 
between biPFB-PMMA and 4COOSH in DMF (middle) and THF (bottom). The reaction was performed 
using a ratio of 1:1:1 (SH:PFB:DBU) and a concentration of 300 mg·mL−1 in DMF. 
 
Notably, next to the expected resonances of the PFTR adduct, also those associated with the 
side product are observed in the 19F NMR spectrum for the reaction with THF. Hence, further 
investigation was seemed necessary in order to identify the labile part of the system, which 
causes the undesired shift in the resonances. For this purpose, test reactions were performed on 
small molecule derivatives.  
In PFB-PE, the fluorinated benzylic moiety contains ester bond directly attached to an aromatic 
group. Thus, a small molecule resembling this feature (1COOPFB) as well as PFB-PE were 
reacted with both 4COOSH and alipSH. Each reaction was performed with a molar ratio of 
SH:PFB:DBU = 1:1:1, and [PFB]0 = 0.075 mol·L
−1 in both DMF and THF. The 19F NMR 
spectra were recorded in each case and no differences were observed between the same reaction 
performed in either DMF or THF. Thus, only the results for the reactions in DMF are displayed 
in Figure 5.29, showing the four possible reaction combinations.  
According to the data reported in Figure 5.29, when the reaction is performed with alipSH 
rather than the 4COOSH, the resonances after PFTR appear at  = −134 and −142 ppm, high-
lighting the suitability of the fluorinated molecule (PFB-PE) towards PFTR. Contrary to that, 
the findings suggest an instability of the 4COOSH thiol under the adopted conditions (Figure 
5.29, left), probably depending on the base used (i.e. DBU).  
-130 -140 -150 -160 -170 -180
 biPFB-PMMA
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Figure 5.29 – 19F NMR spectra (CDCl3, 377 MHz) for different PFTR reactions. The reactions were per-
formed using a ratio of 1:1:1 SH:PFB:DBU. The PFB groups belong to either PFB-PE (top) or 1COOPFB 
(bottom). The thiol groups belong to either 4COOSH (left) or alipSH (right). The resonances ascribed to the 
potential side reaction are highlighted with a red question mark in the 19F NMR spectra. 
 
To overcome this issue, one possibility discussed in Chapter 4, is to take advantage of the self-
propagated PFTR mechanism. Here, the use of a minimum amount of base can potentially re-
duce undesirable side reactions. 
Thus, PFB-PE was reacted with 4COOSH in DMF employing a ratio of SH:PFB = 1:1, while 
0.3 eq. of TBAF as base were added dropwise. After two hours, the crude reaction mixture was 
analyzed via 19F NMR spectroscopy, which indicated a conversion up to ~95% of the PFB 
group, and the resonances assigned to the side reaction were not present in the spectra (Figure 
8.29, see Appendix). As further proof, ESI-MS analysis was performed (positive mode). The 
excellent agreement between the experimental and the simulated ESI-MS spectra (Figure 5.30, 
m/z = 0.0034), together with the results from 19F NMR measurements confirmed that success 
of the PFT reaction.  
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Figure 5.30 – Top: Chemical structure of M, the molecule obtained after PFT reaction between 4COOSH 
linker and PFB-PE, performed using a ratio of 1:1 between SH and PFB group and 0.3 eq. of TBAF as base. 
Bottom: Experimental and simulated ESI-MS spectra for M, analyzed in positive ion mode. ([M+Na]+). m/zexp 
= 2232.3939, m/ztheo= 2232.3905, m/z = 0.0034. 
 
Considering the positive results obtained after these test reactions, biPFB-PMMA was reacted 
with 4COOSH using a ratio of SH:PFB = 1:1 and 0.3 eq. of TBAF respect to the thiol groups 
as a base. However, the addition of TBAF caused, also in this case, color change in the reaction 
mixture, suggesting the presence of degradation products. Since the stability of the thiol linker 
was already demonstrated in the adopted conditions, the polymer was mixed with the base 
(0.3 eq. of TBAF respect to the PFB groups) in DMF. The mixture was stirred for 16 h (over-
night) at ambient temperature, and analyzed the day after via 19F NMR spectroscopy and SEC, 
with the results shown in Figure 5.31. In detail, the 19F NMR spectrum of the polymer after 
degradation (Figure 5.31, left bottom) is compared to the one of the polymer precursor biPFB-
PMMA (Figure 5.31, left top), with no observable differences. Similarly, the SEC trace of the 
crude mixture (Figure 5.31, right, red) is compared with the polymer before degradation 
(biPFB-PMMA, Figure 5.31,right, light blue), the polymer before functionalization with PFB 
groups (biPMMA, Figure 5.31, right, black) and the solvent in which the SEC trace was per-
formed (Figure 5.31, right, gray). The latter is include to discriminate between peaks arising 
from the solvent and those from the polymer.  
[M+Na]+
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Figure 5.31 – Left: 19F NMR spectra (CDCl3, 377 MHz) before (top) and after (bottom) the degradation test, 
performed by mixing biPFB-PMMA and TBAF (1:0.3 molar ratio) overnight, at ambient temperature in 
DMF (300 mg·mL−1). Right: SEC traces of the polymer before (blue) and after (red) the degradation test. The 
SEC traces are compared with the parent biPMMA polymer (black) and the solvent used for SEC analysis 
(gray, dashed line). Despite the system peaks (present also in the blank, THF), a new peak appears after 
degradation. 
 
Contrary to the 19F NMR spectrum (Figure 5.31, left), the SEC trace (Figure 5.31, right) of the 
polymer shows a shift towards lower molecular weight (red). The molecular weight of the de-
graded polymer (red) appears to be between that of the polymer before functionalization with 
a PFB moiety (black) and before base is added (blue). This indicates that some cleavage does 
indeed occur at the chain ends, ultimately proving the limitation of this route.   
Accordingly, it appears that both DBU and TBAF are not suitable for the purpose. Thus, an 
alternative base – triethylamine (Et3N) – was tested for its suitability in this work.  
Since Et3N is a milder base the reaction is often performed at 40 °C as reported in literature.
[69, 
98] In order to ensure the absence of side reactions, the stability of the biPFB-PMMA polymer 
in triethylamine at 40 °C was tested by stirring an equimolar ratio of polymer and the base in 
DMF (300 mg·mL−1) for 16 hours. Subsequently, the crude mixture was analyzed via SEC 
(Figure 5.32). Positively, no change of the SEC trace after 16 hours are observed, which indi-
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Figure 5.32 – SEC traces before (blue) and after (red) degradation of biPFB-PMMA with triethylamine at 
40 °C overnight. The reaction was performed using an initial molar ratio of SH:base = 1:1 and a concentra-
tion of 300 mg·mL−1 in DMF. 
 
Next, the crosslinking reaction was investigated employing the same conditions. Thus, an 
equimolar ratio of PFB and SH groups arising from biPFB-PMMA and 4COOSH were dis-
solved in DMF (300 mg·mL−1), and heated to 40 °C. Next, triethylamine (1 eq. respect to the 
thiol groups) was added. However, network formation was not observed after 24 or 72 h, de-
spite a 70% conversion via 19F NMR analysis. 
Ultimately, 4COOSH was replaced by a different four-armed thiol linker (4phenSH) and tested 
for network formation, as shown in Scheme 5.7. The network formation was performed in DMF 
(300 mg·mL−1), separately employing DBU (1 eq.), TBAF (0.2 eq.) and Et3N (1 eq.) as base. 
In the case of triethylamine the reaction was carried out at 40 °C instead of ambient tempera-
ture. 
Successfully, after 16 hours, network formation was achieved for the reaction performed using 
Et3N. Thus, the network was washed extensively with THF for the removal of the extractables. 
Afterwards, the soluble and insoluble phases were separated, and dried in vacuum overnight. 
The reaction yielded 75% of network by mass, with a functional group conversion of ~88% by 
19F NMR spectroscopy (refer to Appendix, Figure 8.30). The conversion in the soluble fraction 
was ~45% (refer to Appendix, Figure 8.31). The conversion within the network appears to be 
slightly lower than for thiol polymers with a fluorinated linker (section 5.2.1), however further 
development – as for the previous system – may allow optimization of this novel system. 
As for those obtained from polymeric thiol precursors, the network was subjected to swelling 
tests in toluene. The resulted degree of swelling was equal to 5.2 ± 0.4 (Qeq,exp), which corre-
sponded to a deviation of 26% from the theoretical value (Qeq,theo = 7.1) as calculated using the 
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agreement with what was reported for the bifunctional thiol derivatives, the use of long chains 
leads to a deviation of approximately ~20%. However, the purpose of this strategy was to eval-
uate an alternative synthetic route for polymers that are sensitive to the aminolysis step and no 
further investigation of the effect of the elastic chain length were performed at present.  
 
 
Scheme 5.7 – Reaction scheme for the synthesis of networks via PFTR employing -fluorinated polymer 
(biPFB-PMMA) and 4phenSH at 40 °C in DMF (300 mg·mL−1).  
 
In summary, a PFTR-based system using bifunctional fluorinated polymers and thiol linkers 
for the synthesis of polymer networks was successfully developed. However, in contrast to 
previous results (section 5.2.1), labile bonds present in both the commercially available 
4COOSH linker and within the structure of the fluorinated polymer must be taken into account, 
limiting the choice of thiol linker and suitable bases. Nonetheless, after systematic exploration 
of this, the combination of a non-labile thiol linker (4phenSH) and bifunctional fluorinated 
polymer (biPFB-PMMA) with Et3N as base was found to facilitate network formation, provid-
ing a platform for the synthesis of polymer networks from thiol linkers and fluorinated poly-
mers. However, further development and optimization of these reaction conditions is needed 
to determine the maximum possible conversions and yields.  
Most importantly, the dithiocarbonate RAFT agent used in the current section (biCTA) is suit-
able for the polymerization of methacrylates polymers, which upon deprotection can yield 
methacrylic acid polymers, necessary for applications such as the use of hydrogels as separation 
agent presented early on. Notably, the RAFT agent is also suitable for the direct polymerization 
of acrylic acid (refer to SEC traces in Appendix, Figure 8.32 and Table 8.6). However, the 
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5.3 Summary 
In the current chapter, the para-fluorothiol reaction between a thiol and a fluorinated aromatic 
group has been extensively studied as crosslinking reaction for the synthesis of networks via 
end-linking approach. The good agreement between the experimental and the theoretical de-
grees of swelling for the networks synthesized according to this strategy emphasizes the effi-
ciency of the selected approach.  
Synthetically, the networks can be achieved using both bifunctional thiol precursor in combi-
nation with three- or four-armed fluorinated linker or vice versa. In both cases, the polymer 
precursors can be precisely synthesized via RAFT polymerization. The first route is recom-
mended for polymer not sensitive to the aminolysis step (e.g. polystyrene), while the second 
route is recommended for all monomers that can be polymerized with the reported RAFT agent, 
such as acrylic acid and methacrylates.  
From the analytical point of view, the fluorine atoms – located at the crosslinking points – can 
be detected via XPS and ToF-SIMS when the concentration is sufficiently high, e.g. using small 
molecules bifunctional thiol precursors. On the other hand, 19F NMR spectroscopy provides 
accurate data in each of the proposed examples, allowing the precise identification and quanti-
fication of the unreacted functionalities, providing a powerful tool for the direct quantification 
of structural defects. Thus, the identification of defects, detectable using nondestructive ana-







Conclusion and Outlook 
Overall, the results described in the current thesis present a significant step towards achieving 
the long standing goal of developing advanced methodologies for the synthesis and 
characterization of polymer networks. By these means, a variety of potential pathways for the 
synthesis of more defined networks were successfully developed and in-depth explored. 
Namely, the RAFT-mediated polymerization of a mono- and a bifunctional monomer, and the 
use of highly efficient ligation techniques for the crosslinking of pre-formed well-defined 
bifunctional polymers with a suitable crosslinker unit. Firstly, the synthesis of poly(sodium 
acrylate) networks suitable for the desalination of salt water in a membrane-free process was 
performed via RAFT-mediated copolymerization of acrylic acid as monomer and 
N,N´methylenebisacrylamide as crosslinking agent as described in Chapter 3. Significant 
differences between the polymerization techniques were visible during the crosslinking process 
already at early stage of the polymerization: at 5% conversion, for example, short and well-
defined polymer chains were detected using the RAFT-mediated approach, in contrast to large 
and undefined chains for the conventional free radical polymerization (FRP). Moreover, the 
gelation was achieved after 30% conversion in the case of FRP compared to ~85% conversion 
in the presence of 0.17 molar % of RAFT agent. This difference clearly indicates that a high 
number of crosslinking points occur in solution for the RAFT mediated process, facilitating the 
diffusion of the growing chains before network formation, and potentially reducing the 
formation of entanglements. Furthermore, the macroscopic properties, e.g. swellability and 
rigidity of the network, were also affected by the presence of the RAFT agent. Briefly, the 
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networks obtained via RAFT approach showed higher degrees of swelling and higher 
mobilities of the network microstructure according to 1H NMR relaxometry measurements 
compared to the analogous FRP networks. One reason for that is the reduced number of 
crosslinking points. However, understanding of whether the observed increase in mobility was 
also associated with a less efficient crosslinking process or with the reduced presence of 
entanglements and nanogels was challenging to evaluate. Moreover, both FRP and RAFT-
mediated networks presented a heterogeneous mobility, indicating the presence of more mobile 
and more rigid parts within the networks, e.g. not homogeneous chain length. Further 
investigation regarding the quantification of the unreacted double bonds was not possible via 
NMR due to overlapping and broadening of the signal after network formation. Thus, with 
information about the network microstructure being difficult to assess, it follows that more 
advanced analytical tools as well as synthetic strategies are required to facilitate the 
identification of defects. Concerning 1H NMR relaxometry measurements, the use of deuterated 
monomers, either located in the proximity of the crosslinking points or in the middle of the 
chain, provide a potential step towards the optimization of the method.  
Based on the aforementioned limitations of the available analytical tools, the para-fluoro-thiol 
reaction (PFTR) was highlighted as a novel and potentially powerful tool in the quantification 
of network defects. The PFTR was proposed as crosslinking reaction between well-defined 
bifunctional polymer precursors and a three- or four-armed linker, i.e. end-linking strategy. 
Importantly, since each precursor contains complementary functionality, i.e. thiol and 
fluorinated groups, the resultant network bears the fluorine heteroatoms solely at the 
crosslinking point. Subsequently, since via 19F NMR measurements it is possible to distinguish 
between the resonances of the fluorine atoms before and after PFTR, the identification and 
quantification of unreacted moieties becomes possible. Considering that, to the best of our 
knowledge, PFTR was never applied as a crosslinking reaction beforehand, a detailed study 
oriented towards the investigation of the optimal reaction conditions was carried out. In order 
to avoid defects during network formation in fact, it is important that the reaction proceeds 
selectively towards the desired product in nearly quantitative yields, and with minimal or no 
side reactions. The absence of multiple substitutions on the fluorinated aromatic ring was 
ensured by tailored design of the moiety itself. The importance of the overall chemical structure 
of the linker was highlighted in Chapter 4, with a pentafluoro-benzyl (PFB) rather than phenyl 
(PFP) moiety having a more suitable reactivity as PFB groups ensure the absence of the 
undesired multiple substitutions as proven by 19F NMR spectroscopy. Moreover, since the PFT 
reaction involves the presence of thiolates, the disulfide bond formation was taken into account 
as a potential side reaction, and thus studied individually and in competition with PFTR. The 
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results showed that the oxidation to disulfides was negligible for small molecules and in general 
when the PFTR was performed in THF. In contrast, the side reaction occurred in small 
percentage during the formation of more complex polymeric architectures such as three-armed 
stars in DMF at long reaction times (> 24 h). Nonetheless, it was shown that the use of 
equimolar amounts of reducing agent (e.g. TCEP) and thiol groups avert the side reaction by 
reducing the disulfide bonds and regenerating free thiolates. Furthermore, the possibility of 
performing the reaction using under-stoichiometric amounts of base was developed as a 
reaction pathway in case labile groups are incorporated into the polymer backbone.  
Finally, the networks were successfully synthesized, as previously suggested, upon using PFTR 
as crosslinking reaction for network formation via the end-linking approach. Notably, selecting 
the end-linking approach it was possible to accurately tune the mesh size of the final network 
by changing the length of the bifunctional precursor, from small molecule to polymeric 
derivatives, with the latter leading to larger mesh size and thus higher degrees of swelling. 
Moreover, the power of the end-linking strategy is highlighted by the ability to adjust the 
functionality of the bifunctional polymers and crosslinkers, depending on factors such as 
synthetic simplicity or commercial availability of the precursors. As extensively demonstrated 
in Chapter 5, the method has been optimized for both bifunctional thiol polymers, obtained 
upon aminolysis of the RAFT end-group, and bifunctional fluorinated polymers, which were 
prepared via reaction of the RAFT end-group with a photocaged diene possessing a pentafluoro 
benzyl moiety. Comparison of the degree of swelling of the final networks with the theoretical 
values (phantom model) led to minor deviation of approximately 5% to 25% when varying the 
length of the polymer precursor from 3800 g·mol−1 to 8500 g·mol−1.  
For each network, the precise identification and quantification of the unreacted moiety was 
possible via direct analysis of the network using routine 19F NMR measurements. The 
sensitivity of the analytical tool allowed for the detection of unreacted moieties, even if present 
only in low percentages.  
For the identification of other types of defects, e.g. loops, significant progresses were made in 
the last couple of years.[5, 18, 126] The quantification of primary and secondary loops is indeed 
possible upon network disassembly procedure based on asymmetric cleavage of the elastic 
chains.[18] Nonetheless, a gap is still present for analyzing the mesh size distribution. One future 
option may be the optimization of analytical methods such as inverse-SEC.[214] The method is 
based on the combination of a column containing unknown porosity (synthesized network) with 
well-defined polymer samples (standards). The relation between the molecular weight of the 
employed polymer standards, their elution volume and the broadness of the resultant peak 
should give an indication of the pore size (and their distribution) of the prepared networks. This 
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method would require scalability of network synthesis, thus the RAFT mediated approach 
would be an ideal candidate for this purpose.  
Concerning the salt rejection ability, the RAFT-networks showed a minimal improvement 
during the preliminary salt rejection experiments at low degree of crosslinking, showing an 
absolute increase of ~5% in the salt rejection ability. However, further advanced 
characterizations of the network are necessary to discriminate whether the minor differences 
observed were arising from a different microstructure, experimental deviations or 
inhomogeneity of the particle size distribution. Thus, an important point is to understand 
whether the homogeneity is desirable in terms of network microstructure or, more generally, 
of particle shape size and distributions. In order to relate any difference in performance to the 
microstructure the detection of defects is fundamental. In other words, it is necessary to 
precisely identify the amount of unreacted moieties, loops, as well as the mesh size distribution 
in order to understand the impact that each one of these defects have on the application. 
Concerning the particle shape instead, homogeneous particles could be achievable via 
suspension polymerization[215] or by using microfluidics.[216] Here, established analytical 
methods such as scanning electron microscopy (SEM) may assist in the determination of the 
most beneficial diameter and particle size distribution for following application. 
Given the largely unexplored nature of the employed strategies, along with the difficulties and 
limitations of quantifying defects in polymer networks, the development of defect-free net-
works is inevitably a step-wise process. 
In conclusion, the presented work achieves a number of goals and progresses towards the 
synthesis of more homogeneous networks. The precise quantification of defects via 
nondestructive, routine measurements was explored, as well as the impact of a RAFT agent in 
the early stage of the crosslinking process was elucidated. Building on these results, important 
further advancements will be facilitated by the development of tools for a more complete 
characterization of the synthesized networks. This will then allow for a more precise and 
tailored synthesis of polymer networks where the properties are introduced or removed on-
demand, according to the requirements arising from the final application, by controlling the 











Divinylbenzene (80% mixture of isomers, Alfa Aesar), styrene (stabilized, >99.0%, Merck), 
methyl acrylate (MA, stabilized, 99%, Sigma Aldrich) and methyl methacrylate (MMA, stabi-
lized, 99%, Sigma Aldrich) were passed through a column loaded with basic alumina, while 
acrylic acid (AA, 99%, sigma Aldrich) was distilled prior to use.  
 
Other chemicals:  
Azobis(isobutylnitril) (AIBN, 98%, Merck) was recrystallized before use.  
Aliquat® 336 (Sigma Aldrich), aluminium chloride (AlCl3, 99%, Roth), aluminium oxide basic 
(Acros Organic), 4,4'-Azobis(4-cyanovaleric acid) (V-501, 98% Alfa Aesar), 1,3,5-benzenetri-
carboxylic acid (98%, Alfa Aesar), benzoic acid (BA, >99,5% Merck), 1,3-butanediol diacry-
late (DAc, 98%, Sigma Aldrich), 1,4-butanedithiol (BT, >95%, TCI), 1,2,3,4-butanetetracar-
boxylic acid ( > 98%, Alfa Aesar), 2-butanethiol (sec-aliphSH, ≥95%, Sigma Aldrich), butyla-
mine (>99%, Alfa Aesar), carbon disulfide (CS2, ≥ 99%, Sigma Aldrich), cesium carbonate 
(Cs2CO3, 99% Sigma Aldrich), copper sulfate pentahydrate (CuSO4 5H2O, Merck, for synthesis), 
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CTACOOH, Sigma Aldrich), 1,8-di-
azabicyclo[5.4.0]undec-7-ene (DBU, ≥98%, Merck), ´-dibromo-p-xylene (97%, Sigma Al-
drich), diethylene glycol (99%, Alfa Aesar), N,N-diisopropylethylamine (DIPEA, ≥ 99%, 
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Sigma Aldrich), 4-(dimethylamino)pyridine (DMAP, ≥ 99%, Sigma Aldrich), 2,3-dimethylan-
isole (97%, Alfa Aesar), 3,6-dioxa−1,8-octanedithiol (DODT, 95%, Sigma Aldrich), dithio-
threitol (DTT, molecular biology grade, AppliChem), 1-dodecanethiol (aliphSH, 98%, ABCR), 
2-(((dodecylthio)carbonothioyl)thio)propanoate (DoPAT, Lanxess GmbH), 2,2′-(ethylenedi-
oxy)diethanethiol (> 95%, Sigma Aldrich), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (EDC(HCl), ≥ 99%, Roth),magnesium sulfate (Mg2SO4, ≥99.8%, Roth), N,N´-
Methylenebisacrylamide (MBA, ≥ 99.5%, Sigma Aldrich), methyl 4-(bromomethyl) benzoate 
(98%, Sigma Aldrich), 4-methoxy--toluenethiol (benzSH, 90%, Sigma Aldrich), 1-phe-
nylethyl mercaptan (sec-benzSH. 98%, Alfa Aesar), 1,4-phenylenedimethanethiol (PDT, 
>98%, TCI), pentaerythritol tetrakis(3-mercaptopropionate) (4COOSH, > 95%, Sigma Al-
drich), 2,3,4,5,6-Pentafluorobenzyl bromide (PFB-Br, 98%, Alfa Aesar), pentafluorophenol (≥ 
99%, Sigma Aldrich), potassium carbonate (K2CO3, Alfa Aesar, 99 %, anhydrous), potassium 
peroxodisulfate (K2S2O8, Sigma Aldrich, 97), sodium carbonate (NaHCO3, ≥ 99.5, Roth), so-
dium chloride (NaCl, 99.9%, AnalaR, VWR), sodium hydroxide (NaOH, ≥99%, Roth), tet-
rabutylammonium bromide (TBABr, 99%, ABCR), tetrabutylammonium fluoride solution 
(TBAF, 1 M in THF, Sigma Aldrich), tetrabutylammonium hydroxide (TBAOH, 40% w/w in 
MeOH, Sigma Aldrich), thiolactic acid (COOH-SH, 95%, Sigma Aldrich), thiophenol 
(phenSH, ≥99%, Sigma Aldrich), triethylamine (Et3N, ≥ 99%, Sigma Aldrich), tricarballylic 
acid (98%, Alfa Aesar), tris(2-carboxyethyl)phosphine (TCEP, 98 %, Alfa Aesar), 1,1,1-
tris(hydroxymethyl)ethane (99%, Sigma Aldrich), and 18-crown-6 (99%, Acros Organic) were 
used as received. 
 
Solvents: 
Cyclohexane (CH, AnalaR, VWR), dichloromethane (DCM, AnalaR, VWR), N,N-dimethyl-
formamide (DMF, AnalaR, VWR), dry DMF (99+%, Acros Organic), ethanol (99.8%, AnalaR, 
VWR), ethylacetate (EA, AnalaR, VWR), methanol, tetrahydrofuran (THF, AnalaR, VWR), 
dry THF (99.5%, stabilized, Acros Organic), toluene (≥ 99.5%, AnalaR, VWR) were employed 
as solvents as used as received. 
 
Deuterated solvents: 
CDCl3 (> 99.8%), DMSO-d6 (99.8%), DMF-d7 (99.5%), THF-d8 (99.5%) D2O (99.9%) were 





Size-exclusion chromatography (SEC) – system 1 (used in Chapter 4) 
SEC traces were recorded using a TOSOH Eco-SEC HLC-8320 GPC System, comprising an 
auto sampler, a SDV 5 μm bead-size guard column (50 x 8 mm, PSS) followed by three SDV 
5 μm columns (300 x 7.5 mm, subsequently 100 Å, 1000 Å and 105 Å pore size, PSS), a dif-
ferential refractive index (DRI) detector and an UV detector. THF was used as eluent at 30 °C 
with a flow rate of 1 mL·min−1. The SEC system was calibrated using linear polystyrene (PS) 
standards ranging from 2.66 102 to 2.52 106 g·mol−1. Calculation of the absolute molar mass 
proceeded via the Mark-Houwink-Sakurada (MHS) parameters in THF at 30 °C, K = 13.63 10−3 
mL g−1, α = 0.714.[217]  
 
Size-exclusion chromatography (SEC) – system 2 (used in Chapter 3 and 5) 
SEC measurements were performed on an Agilent 1200 system, consisting of an autosampler, 
a Plgel 5 μm bead-size guard column (50 × 7.5 mm), one Plgel 5 μm Mixed E column (300 × 
7.5 mm), three Plgel 5 μm Mixed C columns (300 × 7.5 mm), a differential refractive index 
detector and a UV detector. THF was used as eluent at 35 °C with a flow rate of 1 mL min−1. 
The SEC system was calibrated using linear poly(styrene) standards ranging from 370 to 2.5 × 
106 g mol−1 or poly(methyl methacrylate) standards ranging from 800 to 2.2 × 106 g mol−1. 
Typically, 100 μL of a 2.0 mg·mL−1 polymer solution was injected into the columns. Calcula-
tion of the absolute molar mass proceeded via the Mark-Houwink-Sakurada (MHS) parameters 
in THF at 30 °C, K = 13.63 10−3 mL g−1, α = 0.714.[217]  
 
Aqueous size-exclusion chromatography (SEC) 
SEC measurements were performed on a SECcurity GPC System - Polymer Standards Service 
GmbH, Mainz - Agilent Technologies 1260 Infinity, comprising an autosampler, a Suprema 
5 μm bead-size guard column (8 x 50 mm, PSS) followed by a Suprema linear S mixed-bed 5 
μm column (8 x 300 mm, PSS), a differential refractive index (DRI) detector and a UV detector. 
The measurements were performed using disodium hydrogen phosphate 0.07M in water as the 
eluent at room temperature with a flow rate of 1 mL·min−1. The SEC system was calibrated 
using linear poly(acrylic acid) sodium salt standards (PSS) ranging from 1250 g·mol−1 to 





Nuclear Magnetic Spectroscopy (NMR) 
High field 
NMR measurements were performed on a Bruker Avance III Microbay 400 at an operating 
frequency of 400 MHz (1H), 101 MHz (13C) and 377 MHz (19F), respectively.  
For cross-linked material, ~10 mg of the gel were placed in the NMR tube and swollen in 
CDCl3. Thereafter, a NMR spectrum was recorded following the common procedure as em-
ployed for liquid samples; all other compounds were dissolved prior to recording the spectrum.  
All spectra were recorded in CDCl3 at 25 °C, unless differently specified. The residual solvent 
signals were employed for shift correction (for CDCl3, 
1H NMR spectra at  = 7.26 ppm, for 
13C NMR at  = 77.16 ppm). Abbreviations used in the compound description include singlet 
(s), doublet (d), triplet (t), multiplet (m), and their combinations. For the 19F NMR spectra, the 
baseline was corrected with the multipoint baseline correction function. 
 
Low field:  
T2-relaxometry measurements were recorded with the benchtop spectrometer minispec NF 
(Bruker, Karlsruhe, Germany) at low field (19.95 MHz). The sample temperature was con-
trolled by a BVT3000 unit (Bruker) and kept constant at 30 °C. For all hydrogels, the mag-
netic field was matched and the pulse lengths were determined prior to the start of the actual 
experiment. 
Sample preparation: The dry polymer was swollen in D2O in a ratio of 1:9 and transferred to 
the bottom of a 10 mm glass tube. The tube was sealed with a cap and the hydrogel was allowed 
to equilibrate for 2 days before the measurement.  
T2 relaxation measurements:  
The procedure was adapted from the literature.[160] In detail, the relaxation curve was measured 
using: one MSE was recoded for 50 μs, followed by a XX4 sequence with a pulse separation 
of τ = 50 μs and three CPMG/XY16 experiments, having τ = 0.04, 0.1 and 1 ms, respectively. 
If the decay of the curve was steep at short relaxation times an additional XX4 sequence with 
τ = 5 μs was measured to increase the point density in the crucial region. A recycle delay of 1 
s and no dummy scans were used. Of the XY16 cycle every 8th cycle was recorded, while of 




Table 7.1 – List of parameters used for measuring the T2 relaxation decay. In detail, the number of acquired 
scans (ns), the number of dummies scans (ds), the echo time (), the number of dummies echoes (de), the 
recycle delay (rd) and the number of acquired echoes (ne) are reported. 
Parameter MSE XX4 XY16_short XY16_middle XY16_long 
ns (-) 1024 1024 1024 1024 1024 
ds (-) 0 0 0 0 0 
 (ms) - 0.05 0.04 0.1 1 
de (-) - 0 7 7 7 
rd (s) 1 1 1 1 1 
ne (-) - 100 100 100 100 
 
Inverse Laplace Transformation: 
The Inverse Laplace Transformation was used for deconvoluting the relaxation decay and the 
mathematical elaboration of the data was performed in agreement with previous literature.[9, 
161] The smoothing factor was set equal to 10 and the number of data points to 100 points, 
logarithmically spaced in the range from 0.01 – 1000 ms. 
 
Electron Spray Ionization Mass Spectroscopy (ESI-MS)  
ESI-MS measurements were performed on a Q Exactive (Orbitrap) mass spectrometer (Thermo 
Fisher Scientific, San Jose, CA, USA) equipped with a HESI II probe. The instrument calibra-
tion was carried out in the m/z range 74 – 1822, using calibration solutions from Thermo Sci-
entific. A constant spray voltage of 3.6 kV and a dimensionless sheath gas of 5 were applied. 
The capillary temperature and the S-lens RF level were set to 320 °C and 62.0, respectively. 
Typically, the samples were dissolved in a THF:MeOH (3:2) mixture containing 100 μmol of 
sodium triflate and injected with a flow of 5 μL·min−1. For PS samples, the polymer was dis-
solved in DCM containing 100 μmol of sodium chloride and injected with a flow of 5 μL·min−1. 
 
Attenuated Total Reflectance - Infrared Spectroscopy (ATR-IR)  
Solid-state Fourier transform IR spectra were recorded using a Bruker Vertex 80 spectrometer, 
equipped with a tungsten halogen lamp, a KBr beam splitter, and a DTGS detector. 
 
X-Ray Photoelectron Spectroscopy (XPS)  
XPS was performed with a K-Alpha+ XPS instrument (Thermo Fisher Scientific, East Grin-
stead, England). At least three random points for each sample were analysed using a micro-
focused, monochromated Al Kα X-ray source (400 μm spot size). The K-Alpha+ charge com-
pensation system was employed during analysis, using electrons of 8 eV energy and low-energy 
argon ions to prevent any localized charge build-up. Spectra were fitted with several Voigt 
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profiles (binding energy uncertainty of +/- 0.1 eV). The analyzer transmission function, Sco-
field sensitivity factors[218] and effective attenuation lengths (EALs) for photoelectrons were 
applied for quantification. EALs were calculated using the standard TPP-2M formalism.[219] 
All spectra were referenced to the C1s peak (C-C, C-H) at 285.0 eV binding energy controlled 
by the means of the well-known photoelectron peaks of metallic Cu, Ag and Au. 
 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)  
ToF-SIMS analysis was performed using a ToF-SIMS 5 instrument (ION-TOF GmbH, Muen-
ster, Germany). Surface spectroscopy was carried out with Bi3
+ as primary ion for secondary 
ion generation. Measurements were performed on two different positions of each sample ob-
taining surface images with high mass resolution. Surface charging was avoided by compensa-
tion with a low energy (<20 eV) electron beam. The recorded data was flight time corrected 
using the Advanced ToF Correction feature of the SurfaceLab 6.6 software of the instrument. 
All images show a recorded area of 500 x 500 μm with 128 x 128 data points obtaining a 
resolution of about 4 μm per measurement point. Images are normalized to the total ion inten-
sity. Brighter colors indicate higher intensity values. Color scales of specific fragments have 
always the same values. For the measurement of polymeric networks 1000 Ar atoms with total 
energy of 10 keV with single positive charge, in delayed extraction mode, were used as primary 
ions instead of Bi3
+ clusters. 
 
Different Scanning Calorimetry (DSC) 
DSC experiments were carried out under nitrogen atmosphere using 40 L aluminium crucibles 
with a DSC821e (Mettler Toledo) calorimeter, using sample mass in the range of 8–15 mg. For 
analysis the following method was employed: the first heating proceeded from -75 °C to 300 °C 
with a heating rate of 10 °C min−1; a cooling step was performed from 300 °C to -75 °C with a 
heating rate of 10 °C; the second heating run was recorded from -75 °C to 300 °C with a heating 
rate of 10 °C min−1. The glass transition temperature, Tg, is reported as the midpoint of the heat 




The hetero-DielsAlder (hDA) reaction was performed in a custom-built photoreactor (refer to 
Figure 7.1), employing a contact lamp (ARIMED B6, 36 W, max = 320 nm, for emission 




Figure 7.1 – Picture of the employed photoreactor for the hetero-Diels−Alder reaction. 
 
Figure 7.2 – Emission spectra of the Arimed B6 lamp used for the hetero-Diels−Alder reaction. 






























For organic solvents (performed in Chapter 5) 
Swelling experiment in toluene, THF or ethanol were performed by immersing a known amount 
of gel (5 – 10 mg) into a vial filled with solvent (~5 mL). After the gel was allowed to equili-
brate overnight, the swollen gel was collected from the solution, and the excess of solvent on 
its surface was removed. Finally, the gel was weighted (ms) and the degree of swelling was 
calculated according to Equation 2.22.  
 
For water absorbency: 
For the water absorbency tests, the procedure was adapted from previous literature.[9]  
In detail, the dried polymer with a mass (m0) of about 10 mg was placed on a metal sieve 
(120 μm mesh size and mass equal to msieve). The sieve containing the polymer was placed in 
an excess of the NaCl solution (10 g·L−1), where the solution is in contact to the polymer only 
through the sieve, as shown in Figure 7.3. After the gel was allowed to swell overnight (16 h), 
the sieve with the swollen hydrogel was collected, gently pressed onto a paper towel to remove 
excess solution and weighted (ms+sieve). The swelling degree was determined by comparing the 
weight of the swollen (ms) and the dry polymer (m0) according to Equation 2.22. 
 
 
Figure 7.3 – Water absorbency test in order to determine the degree of swelling of poly(acrylic acid) and 
poly(sodium acrylate) networks  
 
In each case (swelling in either aqueous or organic solvent), the measurements were repeated 
three times. Thus, the reported value refers to the mean value, and the standard deviation is 







Sample preparation: For the rheological measurements, disk-shaped specimens were required, 
which were obtained via the following procedure. 1.4 mL of the reaction solution were poured 
in a 7 mL head-space vial. After degassing for 15 min, the vial was placed in a heating block 
at 70 °C overnight (16 h). The next day, the glass was broken for collecting the sample, which 
was then used for rheological measurements (“as prepared” state).  
 
 
Figure 7.4 – Adopted set-up for the rheological measurements. A disk-shaped specimen was placed in be-
tween the two plates of the ARES-G2 rheometer. 
 
The oscillatory shear measurements were carried out on the strain controlled rotational 
rheometer Ares G2 (TA Instruments, Eschborn, Germany). Plate-plate geometries made from 
aluminum with a diameter of either 13 or 25 mm were used. The temperature was controlled 
to 20 ± 0.1 °C by a Peltier element (Advanced Peltier System, TA Instruments).  
For the analysis, the sample (disk) was placed in between two plates, where the upper one was 
stationary, while the lower one was able to rotate. As a general remark, by rotating the lower 
plate a sinusoidal shear strain (), having amplitude 0 and angular frequency , is applied to 
the sample, and the resulting stress () is measured. In the linear viscoelastic (LVE) regime, 
from these parameters one can calculate the complex modulus (G*), which indicates the rigidity 
of the hydrogel.[186]  
 
 
The complex modulus (G*) is in turn composed by the storage modulus (G´), and the loss mod-
ulus (G´´), which indicate the elastic and the viscous contributions, respectively. The ratio be-
tween these two components represents the loss in the elastic behavior due to viscous contri-









On the first sample (FRP-DC1), an amplitude sweep was carried out by varying the strain from 
0 = 2·10−5 to 10 with a constant frequency of  = 1 rad/s to find the linear viscoelastic (LVE) 
regime (Figure 7.5, left).  
 
 
Figure 7.5 – Left: Variation of G´ and G´´ during the oscillatory strain sweep on FRP-DC1 at 1 rad/s. Right: 
Frequency sweep for FRP-DC1 at 0.1% amplitude (this amplitude is highlighted with a red box in the graph 
on the left). 
 
In the next step, the amplitude (0) was fixed at 0.1% (within LVE, Figure 7.5, red box) and a 
frequency sweep from 0.1 to 100 rad·s−1 was applied, as displayed in (Figure 7.5, right). This 
test was performed for each sample under the same described conditions. 
The reproducibility of the method was tested upon multiple measurements on different samples 
of identical composition (same %RAFT and same DC). The results for three selected samples 
(FRP-DC1, RAFT01-DC1 and RAFT025-DC1) are reported in Figure 7.6. 
Minor deviations are expected when measuring different samples, mostly in the “as prepared” 
state since the extractables are not removed. Thus, the results reported in suggests that the 
method is reproducible over the whole analyzed range.  

























































Figure 7.6 – Variation on the mechanical properties for three selected poly(acrylic acid) hydrogels (FRP-
DC1, RAFT01-DC1 and RAFT025-DC1) prepared starting from different stock solutions, in order to verify 
the reproducibility of the results. 
 
Salt rejection experiments 
Preliminary salt rejection experiments were performed by mixing a calculated amount of hy-
drogel in a solution of brine (10 g·L−1 NaCl). The total mass was set to 20 g, while Qrel to 2 in 
order to have an equal distribution of the brine inside the gel and in the supernatant phase during 
the experiments. The amount of dry network (m0) necessary to achieve these conditions was 
calculated according to Equation 7.6, and depends on the degree of swelling of the network 
itself. In detail,  
 
 
where m0 is the total mass of dry polymer, mbrine the mass of the salt solution and mtot is the 
overall mass (polymer plus brine). Moreover, Qeq is defined by separate swelling experiment 
according to equation 2.22. The swelling experiments were performed using a solution having 
a salt content equal to the one employed for the salt rejection experiments (cs,0). At any time, 
the salt concentration was determined by measuring the conductivity of the solution according 
to the formula:  
 
 






























   
 𝑚0 =
𝑚tot
𝑄rel ∗ (𝑄eq + 1)
 (7.6) 
 𝑐(𝑁𝑎𝐶𝑙) = 𝐴 + 𝐵𝜎 + 𝐶𝜎2 + 𝐷𝜎3 (7.7) 
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where A = 0.0343159 g·L−1 , B = 0.579411 g·cm·L−1·mS−1, C = 3.23002 g·cm2·L−1·mS−2 and 
D = −5.87361 g·cm3·L·mS−3,  is the conductivity as measured (SevenMulti, Mettler Toledo, 
Gießen, Germany).  
The salt rejection ability, expressed as percentage, is determined by the difference in salt con-
tent of the supernatant phase before and after swelling, according to Equation 3.1 
 
Donnan theory 
The experimental results are compared to the theoretical values as calculated from the Donnan 




where cp is the molar concentration of the polymer (cp = (H2O/94)(1/(1+Qeq))), c0 is the con-
centration of the bath 0.17 mol·L−1 (10 g·L−1NaCl), DN is the degree of neutralization, and cout 


























 𝑆𝑅Donnan = (
𝑐out − 𝑐0
𝑐0




7.3 Synthetic Protocols for Chapter 3  
Synthesis of linear poly(methyl acrylate) polymers 
The RAFT agent (DoPAT, 1.00 eq.), azobisisobutyronitrile (AIBN, 0.15 eq.) and methyl acry-
late (MA, for equivalent refer to Table 7.2) were dissolved in 1,4-dioxane (20% w/w). The 
oxygen was removed by purging with argon for 15 min and then placed in a preheated oil bath 
at 70 °C. After 3 h, the polymerization was stopped via cooling with liquid nitrogen and open-
ing the vial to air. The monomer and the solvent were evaporated under vacuum and subse-
quently the polymer was analyzed via SEC. 
 
Table 7.2 – Summary of the linear poly(methacrylate)s synthesized in Chapter 3, Section 3.1. 







Synthesis of poly(methyl acrylate) networks 
AIBN as initiator (0.15eq.), DoPAT as RAFT agent (when needed, 1eq.) and 1,3 butanediol 
diacrylate (DAc) as crosslinking agent (1 mol% compared to the monomer) were dissolved in 
the desired volume of monomer (MA). The volume of monomer was determined according to 
the targeted molar ratio of RAFT agent:MA (1:600 or 1:1000). Afterwards, 1,4-dioxane 
(20:80 w/w ratio monomer to solvent) was added to the mixture and the solution was divided 
in different vials in order to stop the reaction at several intervals of time. Each vial was 
deoxygenated for 15 min by purging with argon and then heated up to 70 °C. The 
polymerization kinetics were investigated by cooling one vial at each desired reaction time in 




Where minitial and mfinal are the mass of the crude mixture before and after it was dried in a 
vacuum oven. Moreover, minitial is multiplied by 0.2 in order to exclude the weight of the solvent 
(concentration during the synthesis).  






Synthesis of linear poly(acrylic acid) polymers 
The polymers were synthesized according to the procedure reported for the synthesis of linear 
poly(methyl acrylate) polymers.  
In case of poly(acrylic acid), acrylic acid (AA) was used as monomer and TRITT as RAFT 
agent. The reaction was performed using distilled water as solvent (20% w/w) and thus a water 
soluble thermal initiator such as 4,4'-azobis(4-cyanovaleric acid) (V-501) was employed. 
The molar ratio RAFT agent:monomer tested are identical to those reported in Table 7.2. 
 
Synthesis of poly(acrylic acid) networks 
Here, acrylic acid (AA) was used as monomer, N,N´metylenbisacrylamide (MBA) as 
crosslinker, and TRITT as RAFT agent. In analogy to the synthesis of linear chains, the reaction 
was performed in distilled water (20%w/w) , thus V-501 was employed as initiator. The molar 
ratio V-501:TRITT was set to 0.15:1, while the molar ratio TRITT:AA and MBA:AA is 
specified in Table 7.3. 
As a comparison, an analogous network was synthesized, in each case, also via free radical 
polymerization. In this case, the procedure is maintained identical (same DC) but no RAFT 
agent was employed. 
Each reaction was carried out according to the procedure reported above for methyl acrylate 
based networks, with the exception that no kinetic investigation was performed. The reaction 
time was set to 16 h, subsequently the extractables were removed by washing the network 
extensively with an excess of solvent (water for PAA networks). Before changing the water, 
the network was allowed to swell for 24 h. The washing procedure was repeated at least two 
times. Eventually, the water inside the hydrogel was removed via lyophilization until the 
product was dried. 
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Table 7.3 – Summary of the poly(acrylic acid) networks synthesized via RAFT polymerization and via free 
radical polymerization (FRP). In detail, the reaction code, the ratio RAFT agent:monomer and the degree of 
crosslinking (expressed as molar ratio between the crosslinker and the monomer) are provided. 
Sample RAFT:AA MBA:AA 
FRP-DC1 no raft agent 0.01 
RAFT005-DC1 1:2000 0.01 
RAFT01-DC1 1:1000 0.01 
RAFT017-DC1 1:600 0.01 
RAFT025-DC1 1:400 0.01 
RAFT05-DC1 1:200 0.01 
RAFT1-DC1 1:100 0.01 
FRP-DC06 no raft agent 0.006 
RAFT01-DC06 1:1000 0.006 
FRP-DC1.5 no raft agent 0.015 
RAFT01-DC1.5 1:1000 0.015 
RAFT025-DC1.5 1:400 0.015 
FRP-DC3 no raft agent 0.03 
RAFT01-DC3 1:1000 0.03 
RAFT025-DC3 1:400 0.03 
FRP-DC5 no raft agent 0.05 
RAFT01-DC5 1:1000 0.05 
RAFT025-DC5 1:400 0.05 
 
From hydrogels to polyelectrolytes 
Each of the PAA network synthesized was neutralized in order to achieve polyelectrolyte gels 
(PSA) suitable for the selected application, e.g. salt rejection.  
The neutralization was performed by mixing a known amount of dry polymer with a calculated 
volume of 0.1 M NaHCO3 (in distilled water) which allows for a ratio AA:Na
+ = 1:1.1, unless 
differently specified.  
 
 
Where V is the volume of NaHCO3 having a molarity [NaHCO3] necessary for a given mass of 
dry network (mdry network), assuming a 1:1.1 ratio AA:Na. MAA is the molecular weight of acrylic 
acid. The network was left in basic solution overnight (16 h). Afterwards, the polymer wash 
washed with distilled water until the pH of the solution was neutral. Eventually, the network 











7.4 Synthetic Protocols for Chapter 4  
Synthesis of trimethylolpropane tris(2,3,4,5,6-pentafluorobenzylether) (3PFB) 
 
 
Scheme 7.1 – Reaction scheme for the synthesis of trimethylolpropane tris(2,3,4,5,6-pentafluorobenzylether) 
(3PFB) via phase transfer catalysis (PTC). 
 
To a stirred aqueous solution of sodium hydroxide (9.0 eq., CNaOH = 50 wt%), 1,1,1-
tris(hydroxymethyl)ethane (10.0 mmol, 1.00 g, 1.0 eq) and tetrabutylammonium bromide 
(TBABr, 0.5 mmol, 0.32 g, 0.3 eq., phase transfer catalyst) were added. After stirring at ambient 
temperature for 2 h, a solution of 2,3,4,5,6-pentafluorobenzyl bromide (80.0 mmol, 12 mL, 8.0 
eq) in dichloromethane (DCM, 10 mmol mL−1) was added. Subsequently, the temperature was 
increased to 50 °C, and the reaction was allowed to proceed for 3 days. Eventually, the crude 
mixture was cooled to ambient temperature and washed with water (1x 50 mL), NaOH 0.1 M 
(2x 50 mL) and brine (1x 50 mL). The aqueous phases were collected and extracted with DCM 
(1x 100mL). The combined organic layers were dried over Mg2SO4. The solvent was removed 
under reduced pressure and the crude product was subjected to purification on a silica gel 
column (4:1, CH:DCM) to afford a white crystalline compound (yield 35%). 
1H NMR (CDCl3, 400 MHz): δ = 0.88 (s, 3H, CH3), δ = 3.3 (s, 6H, CH2), δ = 4.54 (s, 6H, CH2). 
13C NMR (CDCl3, 101 MHz): δ = 17.2 (1C), δ = 40.7 (1C), δ = 60.2 (3C), δ = 72.8 (3C), δ = 111.4 
(3C), δ = 136-147 (12C). 
19F NMR (CDCl3, 377 MHz): δ = -143.2 (6F, ortho), -153.9 (3F, para), -162 (6F, meta). 




Figure 7.7 – 1H NMR spectrum (CDCl3, 400MHz) of 3PFB. 
 
Synthesis of tris(2,3,4,5,6-pentafluorophenyl) benzene-1,3,5-tricarboxylate 
(3aromCOOPFP) 
 
Scheme 7.2 – Reaction scheme for the synthesis of tris(2,3,4,5,6-pentafluorophenyl) benzene-1,3,5-tricarbox-
ylate (3aromCOOPFP) via esterification. 
 
1,3,5-Benzenetricarboxylic acid, (0.36 mmol, 0.075 g, 1.0 eq.), pentafluorophenol (1.18 mmol, 
0.217 g, 3.3 eq.) and DIPEA (0.36 mmol, 0.065 mL, 1.0 eq.) were dissolved in DCM (3.6 mL). 
Subsequently, the solution was cooled to 0 °C in an ice bath prior to addition of EDC(HCl). 
Thereafter, the solution was allowed to warm up to ambient temperature and stirred overnight. 
Next, the crude mixture was washed with water (1x 10 mL). The organic layer was dried over 
MgSO4 and the solvent was removed in vacuo. The crude product was purified via column 
chromatography in CH:DCM = 4:4, to afford the product as a white solid compound.  
Yield = 55%. 
1H NMR (CDCl3, 400 MHz): δ = 9.28 (s, 3H) 
19F NMR (CDCl3, 377 MHz): δ = -152.1 (6F, ortho), -156.2 (3F, para), -161.3 (6F, meta) 
13C NMR (CDCl3, 101 MHz): δ = 160.3 (3C, COO), δ = 150 - 135(15C, CF), δ = 137.7 (3C, Carom-
COO), δ = 129.5 (3C, Carom-H). 
(−)ESI-MS [M+Cl]+: m/zexp = 742.9384, m/ztheo: 742.9373, m = 0.0011 













Synthesis of tris(2,3,4,5,6-pentafluorobenzyl) benzene-1,3,5-tricarboxylate 
(3aromCOOPFB) 
 
Scheme 7.3 – Reaction scheme for the synthesis of tris(2,3,4,5,6-pentafluorobenzyl) benzene-1,3,5-tricarbox-
ylate (3aromCOOPFP). 
 
In a pre-dried Schlenk flask, Cs2CO3 (13.5 mmol, 4.387 g, 4.5 eq.) was dispersed in dry DMF 
(20 mL, 0.45 M) under argon atmosphere before addition of the trimesic acid (3.0 mmol, 
0.630 g, 1 eq.). After stirring for 30 min, 2,3,4,5,6-pentafluorobenzyl bromide (PFB-Br 
8.55 mmol, 2.22 mL, 2.9 eq.) was added to the reaction mixture, which was then stirred over-
night (16 h) at ambient temperature. The following day, Cs2CO3 was filtered off and the filtrate 
was diluted with water (1x 30 mL) and extracted with DCM (2x 30 mL). The collected organic 
phase was washed with brine (1x 40 mL), dried over MgSO4, and concentrated under reduced 
pressure. The crude product was purified via column chromatography in CH:EA = 7:3, to afford 
the product as a white solid. Yield = 85%. 
1H NMR (CDCl3, 400 MHz): δ = 8.80 (s, 3H, aromatic H), δ = 5.49 (s, 6H, CH2). 
13C NMR (CDCl3, 101 MHz): δ = 164.0 (3C, COO), δ = 150 - 135(12C, CF), δ = 135.2 (3C, Carom-
COO), δ = 135.2 (3C, Carom-H), δ = 109.0 (3C, Carom-CH2), δ = 54.6 (3C, CH2). 
19F NMR (CDCl3, 377 MHz): δ = −141.6 (6F, ortho), −151.7 (3F, para), −161.1 (6F, meta). 
(+)ESI-MS [M+Na]+: m/zexp = 773.0083, m/ztheo: 773.0052, m = 0.0031. 
 
Figure 7.8 – 1H NMR spectrum (CDCl3, 400MHz) of 3aromCOOPFB 












Synthesis of 2,3,4,5,6-pentafluorobenzyl benzoate (1COOPFB) 
Here, an identical procedure to the one described for 3aromCOOPFB was adopted for the 
synthesis of 1COOPFB. For more details, refer to Table 7.4. The product was obtained as 
white solid in quantitative yield. 
1H NMR (CDCl3, 400 MHz): δ = 5.45 (s, 2H, CH2), δ = 7.44 (dt, 2H, CH), δ = 7.58 (tt, 1H, CH), 
δ = 8.00 (td, 1H, CH). 
13C NMR (CDCl3, 101 MHz): δ = 55.83 (1C, aliphatic CH2), δ = 109.59 (1C, C aromatic ring), 
δ = 128-134 (6C, C aromatic ring), δ = 137-147 (6C, aromatic fluorinated ring), δ = 165.86 (1C, 
ester). 
19F NMR (CDCl3, 377 MHz): δ = −142.2 (2F, ortho), δ = −153.4 (1F, para), δ = −162.4 (2F, 
meta). 
 
Figure 7.9 – 1H NMR spectrum (CDCl3, 400MHz) of 1COOPFB. 
 
Synthesis of tris(2,3,4,5,6-pentafluorobenzyl)(1,2,3-propanetricarboxylate) (3COOPFB) 
Here, an identical procedure to the one described for 3aromCOOPFB was adopted for the 
synthesis of 3COOPFB. For more details, refer to Table 7.4. The product was obtained as 
white solid. Yield = 90%. 
1H NMR (CDCl3, 400 MHz): δ = 2.64 (dd, 2H, CH2), δ = 2.78 (dd, 2H, CH2), δ = 3.27 (p, 1H, 
CH), δ = 5.20 (m, 6H, CH2). 
13C NMR (CDCl3, 101 MHz): δ = 171.9 (1C, COO), δ = 170.4 (2C, COO), δ = 145.81 (CFmeta), δ 
= 142.9 (3C, CFpara), δ = 137.7 (6C, CFortho), δ = 109.0 (6C, Carom), δ = 54.3 (2C, CH2-O), δ = 53.8 
(1C, CH2-O), δ = 37.1 (1C, CH), δ = 34.7 (2C, CH2). 
19F NMR (CDCl3, 377 MHz): δ = −142.0 (6F, ortho), δ = −152.1 (3F, para), δ = −161.5 (6F, 
meta). 
(+)ESI-MS, [M+Na]+: m/zexp = 739.0192, m/ztheo: 739.0208, m = 0.0016. 















Figure 7.10 – 1H NMR spectrum (CDCl3, 400MHz) of 3COOPFB. 
 
Synthesis of tetra(2,3,4,5,6-pentafluorobenzyl)(1,2,3,4-butanetetracarboxylate) (4COOPFB) 
Here, an identical procedure to the one described for 3aromCOOPFB was adopted for the 
synthesis of 4COOPFB. For more details, refer to Table 7.4. The product was obtained as 
white solid. Yield = 90%. 
1H NMR (CDCl3, 400 MHz): δ = 2.43 (dd, 2H, CH2), δ = 2.78 (dd, 2H, CH2), δ = 3.31 (m, 2H, 
CH) δ = 5.17 (s, 4H, CH2), δ = 5.19 (s, 4H, CH2). 
13C NMR (CDCl3, 101 MHz): δ = 170.7 (2C, COO), δ = 170.2 (2C, COO), δ = 150 – 135 (CF), 
δ = 54.1 (2C, CH2-O), δ = 53.8 (2C, CH2-O), δ = 41.7 (2C, CH), δ = 35.8 (2C, CH2). 
19F NMR (CDCl3, 377 MHz): δ = −142.0 (8F, ortho), δ = −151.9 (2F, para), δ = −152.1 (2F, 
para) δ = −161.5 (8F, meta). 
(+)ESI-MS, [M+Na]+: m/zexp = 977.0294, m/ztheo: 977.0262, m = 0.0032. 
 
 
Figure 7.11– 1H NMR spectrum (CDCl3, 400MHz) of 4COOPFB. 































Table 7.4 – List of the reagent for the synthesis of 1COOPFB, 3COOPFB and 4COOPFB. 
Compound Cs2CO3 Acid PFB-Br 
1COOPFB 1.5eq. Benzoic acid, 1eq. 0.95eq. 
3COOPFB 4.5eq. Tricarballylic acid,1eq. 2.85eq. 
4COOPFB 5.0eq. 1,2,3,4-butanetetracarboxylic acid, 1eq. 3.80eq. 
 
 
Synthesis of benzyl 2-(((dodecylthio) carbonothioyl)thio) propanoate (DoPAT-OBz) 
DoPAT-OBz was synthesized according to literature[58] to protect the carboxylic group of the 
RAFT agent DoPAT. 
 
General procedure for the synthesis of PSa and PSb via RAFT polymerization 
 
 
Scheme 7.4 – Reaction scheme for the polymerization of polystyrene (PS) affording PSa and PSb. 
 
In a typical procedure, RAFT agent (DoPAT or DoPAT-OBz, 1 eq.) and AIBN (0.1 eq.) were 
dissolved in styrene (150 eq.). The mixture was deoxygenated by purging with argon for 
15  min and then heated at 70 °C for 6 h to afford PSa or PSb, respectively (Mn = 4000 g mol
−1, 
Ɖ = 1.1; Mn = 3000 g mol
−1, Ɖ = 1.1, respectively). In each case, the polymerization was 
stopped by exposing the mixture to oxygen and cooling in an ice bath. The product was isolated 
by precipitation in cold methanol, and collected by filtration. Characterization of the products 
was performed by NMR spectroscopy, SEC and ESI-MS analysis (see Appendix, Figure 8.3 to 
Figure 8.5 for PSa, and Figure 8.10 to Figure 8.12 for PSb). According to SEC, the number 
average molar mass of PSa and PSb was 4000 g mol−1 (Ɖ = 1.1) and 3000 g mol−1 (Ɖ = 1.1). 
 
General procedure for the synthesis of PSa-SH and PSb-SH via aminolysis 
 
 





The procedure for aminolysis is adapted from the literature.[63] Polymers PSa or PSb (1 eq.) 
were dissolved in THF (100 mg mL−1), and TCEP (3 eq.) was added to prevent disulfide for-
mation. Subsequently, n-butylamine was added to the reaction mixture (60 eq.). The resulting 
mixture was stirred for 4 h at ambient temperature. The polymeric thiols were isolated by pre-
cipitation in cold methanol and filtration. Characterization of the product was performed by 
NMR spectroscopy, SEC and ESI-MS analysis in order to confirm the removal of the trithio-
carbonate moiety (see Appendix, Figure 8.3 to Figure 8.5 for PSa, and Figure 8.10 to Figure 
8.12 for PSb). Each analysis proved that the aminolysis successfully led to thiol polymers. 
According to SEC, the number average molar mass of PSa-SH and PSb-SH was 3800 g mol−1 
(Ɖ = 1.1) and 2800 g mol−1 (Ɖ = 1.1), respectively. 
 
General procedure for disulfide bond formation 
In a vial, the thiol (1 eq.) was dissolved in THF or DMF ([thiol]0 = 0.075 mol·L
−1) at ambient 
temperature Subsequently, the base (DBU, 1 eq.) was added in order to start the reaction. At 
time 0 (before addition of the base) and at specific intervals of time, samples were withdrawn 
in order to follow the reaction via SEC analysis. Thus, a specific volume of reaction mixture 
corresponding to 4 mg was passed through a short column of basic alumina to remove the base. 
Thereafter, the sample is diluted with THF to a concentration of 2 mg·mL−1 and filtered prior 
to SEC analysis. 
 
General procedure for PFTR 
Both the thiol (1 eq.) and the fluorinated compound (PFB group = 1 eq.) were dissolved in 
either THF or DMF ([thiol]0 = 0.075 mol·L
−1, if not differently specified) at ambient tempera-
ture. Subsequently, DBU (1 eq.) was added to the reaction mixture in order to start the PFTR. 
Before addition of the base and at specific intervals of time, samples were withdrawn in order 
to follow the reaction via SEC analysis and 19F NMR spectroscopy. For SEC analysis, the sam-
ple was prepared as described for disulfide bond formation. For 19F NMR analysis, a volume 
of crude reaction mixture allowing for a final concentration of PFB groups ≥ 0.009 mol·L−1 in 
a NMR tube (Vtot = 0.5 mL) was withdrawn and the base neutralized with an excess of benzoic 
acid (4 eq. with respect to DBU) in order to stop the reaction. 
For the self-propagated PFTR: 
The base (DBU, TBAOH, TBABr or TBAF) was used in understoichiometric amount. The 
type and the amount of base, as well as the solvent used, is specified in the caption of the figure 
showing the results of the reaction itself.  
Experimental Section 
187 
In Figure 4.24 and Figure 4.28 (for phenSH in DMF and DMSO), the reaction was performed 
in a NMR tube using deuterated solvent (THF-d8, DMF-d7, DMSO-d6, repectively) in order to 
allow for online 19F NMR measurements.  
 
General procedure for investigating the suppression of disulfide bond formation 
The polymeric thiol (PSa-SH, 1 eq.) was dissolved in THF or DMF ([thiol]0 = 0.037 mol·L
−1) 
at ambient temperature, with or without the presence of reducing agent (TCEP, 6 eq.). Subse-
quently, the base (DBU, 15 eq.) was added in order to start the reaction. Samples for SEC 
analysis were withdrawn at specific intervals of time following the procedure described earlier 
for disulfide bond formation. 





7.5 Synthetic Protocols for Chapter 5  
General procedure for the synthesis of small molecules network 
The 3PFB linker (1 eq.) and the bifunctional thiol (1.5 eq.) were dissolved in a minimum 
amount of THF ([SH]0 = 1.8 M). Subsequently, DBU (3 eq.) was added to start the reaction. 
After 30 min, the freshly formed network was washed with THF for at least three times to 
remove the extractables. Eventually, the network was dried in a vacuum oven overnight at 
25 °C. 
 




Scheme 7.6 – Reaction scheme for the synthesis of diethylene glycol di(2-(((dodecylthio) carbonothioyl)thio) 
propanoate) (biDoPAT) via esterification. 
 
DoPAT (14.26 mmol, 5.0 g, 2.30 eq.), diethylene glycol (6.20 mmol, 0.589 mL, 1 eq.) and 
DMAP (2.85 mmol, 0.348 g, 0.46 eq.) were dissolved in DCM (30 mL, 0.5 M). Subsequently, 
the solution was cooled to 0 °C in an ice bath and EDC(HCl) (15.50 mmol, 2.972 g, 2.50 eq.) 
was added to the reaction mixture. The solution was allowed to warm up to ambient tempera-
ture and was stirred overnight (16 h). Afterwards, the crude mixture was washed with water 
(1x 60mL), NaHCO3 (1x 60mL) and brine (1x 60mL). The combined organic layer was dried 
over MgSO4 and the solvent was evaporated under reduced pressure. The crude product was 
purified via column chromatography (10:1 CH:EA) to afford the desired product as a yellow 
oil. Yield = 70%. 
1H NMR (CDCl3, 400 MHz): δ = 0.88 (t, 6H, CH3), δ = 1.25 (m, 38H, CH2), δ = 1.40 (m, 4H, 
CH2), δ = 1.62 (d, 6H, CH3), δ = 1.69 (p, 4H, CH2), δ = 3.33 (m, 4H, CH2), δ = 3.70 (t, 4H, CH2), δ 
= 4.29 (t, 4H, CH2), δ = 4.85 (q, 2H, CH). 
13C NMR (CDCl3, 101 MHz): δ = 171.1 (2C, COO), δ = 64-68 (4C, CO), δ = 53.4 (2C, CS), 
δ = 47.9 (2C, CS), δ = 37.5-14.0 (24C, CH2 aliphatic chain and CH3). 




Figure 7.12 – 1H NMR spectrum (CDCl3, 400MHz) of biDoPAT. 
 
General procedure for the synthesis of PS(x) and biSH-PS(x) 
The polymerization is performed according to the procedure reported in section 7.4 for PSa. 
The three different polystyrene, with different molar mass, are obtained by varying the molar 
ratio of RAFT:styrene in the reaction mixture. In detail, a molar ratio of biDoPAT:styrene = 
1:150, 1:200 and 1:250 was used to afford PS(36), PS(64) and PS(82), respectively.  
The corresponding biSH-PS(x) were obtained after aminolysis, following the same procedure 
reported for PSa-SH (Section 7.4). 
The characterization of the products was performed by NMR spectroscopy and SEC (see Ap-
pendix, Figure 8.23 (PS(36)), Figure 8.24 (PS(64)), and Figure 8.25 (PS(82)), for NMR spec-
troscopy, while the SEC traces are reported in Chapter 5, Figure 5.18). The ESI-MS was rec-
orded for PS(36) only (Figure 5.9) due to the high molar mass of the other polymers combined 
with the low ionization of apolar polymers such as styrene. 
 
Table 7.5 – List of the molecular weight (Mn) and the dispersity index (Ð) of the bifunctional polystyrene 
precursor used in Section 5.2.1 before and after aminolysis. 
PS(x) Mn (g·mol−1) Ð biSH-PS(x) Mn (g·mol−1) Ð 
36 4500 1.1 36 3800 1.1 
61 7300 1.1 64 6650 1.1 

























General procedure for the synthesis of PS network 
Similar to what was reported for small molecules, the fluorinated linker (PFB group = 1 eq.) 
and the bifunctional polymeric thiol (biSH-PS(x) SH group = 1 eq.) were dissolved in DMF 
(300 g·mL−1). Subsequently, DBU (1 eq.) was added to start the reaction. The reaction mixture 
was allowed to react for 1 h. Afterwards, the gel was washed with an excess of THF for at least 
three times to remove the soluble fractions and the leftovers base. The extractables were passed 
through a short column of alumina basic in order to remove the base. Eventually, the sol and 
the gel were dried in a vacuum oven overnight at 25 °C. The following day, both the soluble 
and the insoluble phase were analyzed via 19F NMR spectroscopy in order to determine the 
conversion.  
 




Scheme 7.7 – Reaction scheme for the synthesis of 3,6-dioxa−1,8-bis(2,3,4,5,6-pentafluorobenzylthiocarbon-
othioylthio)-octane (biPFB) via phase transfer catalysis. 
 
In a round bottom flask, Aliquat® 336 (0.0035 mmol, 0.003 g, 0,024 eq.), 2,2′-(ethylenedi-
oxy)diethanethiol (4.71 mmol, 0.77 mL, 0.33 eq.) and CS2 (14,3 mmol, 1,088 g, 1 eq.) were 
added in this order. Subsequently, 7 mL of a 2M NaOH (aqueous solution) were added to the 
previous flask. After stirring for 2 h at ambient temperature, a 2 M solution of 2,3,4,5,6-pen-
tafluorobenzylbromide (15 mmol, 2.26 mL, 1.1 eq.) in DCM (7 mL) was added to the solution. 
The reaction mixture was stirred overnight (16 h). Thereafter, the crude mixture was washed 
with water (3x 20 mL) and brine (1x 20mL). The organic layers were collected, dried over 
MgSO4 and evaporated to dryness. The purification of the product was performed via column 
chromatography (7:3 DCM:CH) to afford the product as a yellow oil compound. Yield = 65%.  
1H NMR (CDCl3, 400 MHz): δ = 3.63 (8H, CH2), δ = 3.75 (4H, CH2), δ = 4.68 (4H, CH2). 
13C NMR (CDCl3, 101 MHz): δ = 221.4 (2C, CS), δ = 150-130 (10C, CF), δ = 68-71 (4C, CO), 
δ = 36.8 (2C, CH2CS), δ = 28.0 (2C, CH2-Carom). 
19F NMR (CDCl3, 377 MHz): δ = −140.1 (4F, ortho), δ = −153.6 (2F, para), δ = −161.3 (4F, 
meta). 





Figure 7.13 – 1H NMR spectrum (CDCl3, 400MHz) of biPFB. 
 




Scheme 7.8 – Reaction scheme for the synthesis of 1,4-phenylenebis(methylene) bis(4-cyano-4-(phenylcar-
bonothioylthio)pentanoate) (biCTA) via esterification. 
 
In a pre-dried Schlenk flask, 4 cyano-4-(phenylcarbonothioylthio)pentanoic acid (4.0 mmol, 
1.117 g, 1.0 eq.) was dissolved in dry DMF (8.00 mL, 0.5 M) under argon atmosphere. Subse-
quently, DIPEA (4.4 mmol, 0.766 mL, 1.1 eq.) was added. After stirring for 30 min, α,α′-di-
bromo-p-xylene (1.8 mmol, 0.475 g, 0.45 eq.) was added dropwise to the reaction mixture, 
which was allowed to stir overnight (16 h) at ambient temperature. Afterwards, the solvent was 
removed under reduced pressure and subsequently the crude product was dissolved in DCM 
and washed with water (2x 20 mL) and brine (1x 20 mL). The collected organic phases were 
dried over MgSO4 and concentrated under reduced pressure. The crude product was purified 
via column chromatography (9:1-7:3 CH:EA) to afford the product as a pink viscous oil (yield 
50%). 














1H NMR (CDCl3, 400 MHz): δ = 1.93 (6H, CH3), δ = 2.3-2.8 (8H, CH2), δ = 5.15 (4H, CH2), 
δ = 7.30-8.00 (14H, aromatic H). 
13C NMR (CDCl3, 101 MHz): δ = 24.2 (2C, CH3), δ = 29.9 (2C, CH2), δ = 33.4 (2C, CH2), 
δ = 45.7(2C, C), δ = 66.5 (2C, CH2-O), δ = 118.5 (1C, CN), δ = 126-145 (18C, aromatic C), 
δ = 171.3 (2C, C=O). 
(+)ESI-MS [M+Na]+: m/zexp = 683.1124, m/ztheo: 683.1137, m = 0.0013. 
 
 
Figure 7.14 – 1H NMR spectrum (CDCl3, 400MHz) of biCTA. 
 
General procedure for the synthesis of biPMMA via RAFT polymerization 
In a crimped vial biCTA (1 eq.) as RAFT agent and AIBN (0.15 eq.) as initiator were dissolved 
in a mixture of monomer (MMA, 150 eq.) in ethylacetate (50% w/w). The solution was deox-
ygenated for 15 min by purging with argon and then heated at 70 °C for 3 h. The polymerization 
was stopped by cooling the mixture in liquid nitrogen and opening the vials to oxygen. The 
product was isolated by precipitation in a cold mixture of MeOH:water (4:1), and collected by 
filtration. Characterization of the products was performed by 1H NMR spectroscopy (see Ap-
pendix Figure 8.28 top), SEC and ESI-MS analysis (see Figure 5.26 and Figure 5.27, respec-
tively). Mn = 7000 g·mol
−1 Ð = 1.1 



























Scheme 7.9 – Reaction scheme for the synthesis of 2,3,4,5,6-pentafluorobenzyl 4-((2-formyl-3-methylphe-
noxy)methyl)benzoate (PFB-PE). 
 
Step 1,[220] 2,[66] 3[221] and 4[221] were adapted from the literature. 
Step 5: In a pre-dried Schlenk flask, Cs2CO3 (2.3 mmol, 0.740 g, 2.5 eq.) was dispersed in dry-
DMF (5.00 mL) under argon atmosphere before addition of the acid, which was obtained from 
step 4, (1.0 mmol, 0.284 g, 1.1 eq.). After stirring for 30 min, 2,3,4,5,6-pentafluorobenzyl bro-
mide (0.909 mmol, 0.137 mL, 1 eq) was added and the reaction mixture was stirred overnight 
at ambient temperature. Subsequently, Cs2CO3 was filtered off and the solvent removed under 
reduced pressure. Next, the crude product was diluted with water (1x 20 mL) and extracted 
with DCM (1x 20 mL). The collected organic phases were washed with brine (1x 40 mL), dried 
over MgSO4 and concentrated under reduced pressure. The product was obtained as a yellow 
solid (quantitative yield). 
1H NMR (CDCl3, 400 MHz): δ = 2.59 (s, 3H, CH3), δ = 5.22 (s, 2H, CH2), δ = 5.46 (s, 2H, CH2), 
δ = 6.85 (d, 2H, CH), δ = 7.35 (t, 1H, CH), δ = 7.49 (d, 2H, CH), δ = 8.03 (d, 2H, CH), δ = 10.74 
(s, 1H, CHO). 
19F NMR (CDCl3, 377 MHz): δ = −141.6 (2F, ortho), δ = −152.3 (1F, para), δ = −161.4 (2F, 
meta). 




Figure 7.15 – 1H NMR spectrum (CDCl3, 400MHz) of PFB-PE. 
 
RAFT end group capping via hetero Diels-Alder reaction (hDA) 
 
 
Scheme 7.10 – Reaction scheme for the synthesis of biPFB-PMMA via RAFT end group capping of biPMMA 
with PFB-PE via hetero Diels-Alder reaction 
 
The procedure was adapted from the literature.[69] The polymer biPMMA (1 eq.) was dissolved 
in DCM ([RAFT end-group]0 = 1 mmol·L
−1). To this, PFB-PE (1.3 eq.) was added and the 
solution was deoxygenated for 30 minutes. Afterwards, the flask was placed in a custom made 
photoreactor (refer to Figure 7.1) and irradiated at RT with one Arimed B6 lamp 
(λmax = 320 nm, power density =14.7 mW·m
−2). After 1 h, DCM was removed under reduced 
pressure. Finally, the polymer was dissolved in a minimum amount of THF and recovered by 
precipitation in a cold mixture of MeOH:water (4:1), and recovered by filtration. End group 

































capping was confirmed via 1H and 19F NMR spectroscopy (Figure 8.28), SEC (Figure 5.26) 
and ESI-MS (Figure 5.27) analysis. 
 
General procedure for the synthesis of PMMA based network 
Here, an identical procedure to the one used for polystyrene networks was adopted. The type 
of base and linker used is detailed in Chapter 5. When triethylamine was used as a base, the 
reaction was performed at 40 °C.
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8.1 Appendix for Chapter 4  
 
Figure 8.1 – Top: (+)ESI-MS spectrum of the model reaction after a reaction time of 5 min and removal of 
the base (SH:PFB = 1:1, [SH]0=0.15 g·mol−1). Bottom: the experimental and the simulated isotopic pattern 
are compared. The overview of the m/z ratio are reported in Table 8.1. 
 



















Table 8.1 – List of the experimental and the theoretical m/z ratio for the mono- (1S) di- (2S) and trisubstituted 
(3S) fluorinated linker (3PFB) reported in Figure 8.1. 
Structure m/z(exp) m/z(theo) m 
[1S+Na]+ 865.2377 865.2367 0.0010 
[2S+Na]+ 1047.4077 1047.4060 0.0017 





Figure 8.2 – The SEC broadening effect is accounted for in the kMC simulations by introducing a normal 
distribution on log scale having standard deviation () = 0.03, for both thiol and disulfide in each solvent. 




Figure 8.3 – 1H NMR spectra (CDCl3, 400 MHz) for PSa (black) and PSa-SH (blue). In the box the disap-
pearance of the –CH2- marked in the structure (*) is highlighted. δ = 7.50 – 6.20 (m, ArH), 2.5 – 0.50 (m, 












Figure 8.4 – 13C NMR spectra (CDCl3, 101 MHz) for PSa (black) and PSa-SH (blue). The disappearance of 
the resonances corresponding to the aliphatic carbon chain of the RAFT agent is highlighted with a box. 
δ = 145.43(C, quaternary carbon in the styrene aromatic ring), δ = 128.33 and δ = 125,52 (-HC=CH-, un-
saturated carbons, styrene ring), and δ = 40.30 (aliphatic C, aliphatic polymer backbone). The figure is 




Figure 8.5 – (−)ESI-MS spectra for PSa (black) and PSa-SH (blue) recorded in negative mode in the region 
m/z = 1500 to 4000. The figure is adapted from Ref. [189] with the permission of The Royal Society of 
Chemistry. 
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The molecular weight of the polymer is the number or weight average of the molecular weight 
of each chain. Thus, in order to account for the distribution of the molecular weight during the 
kMC simulations, it is necessary to simulate the polymerization kinetics of the RAFT polymer-
ization. In this way, the starting distribution of the polymer thiol is included accurately and 
diffusional limitations during PFTR can be accounted for. The following section, in which the 
kinetics of the RAFT polymerization are validated against experimental data, is thus necessary 
to demonstrate the ability of the kMC simulation to predict diffusional limitations.  
The following information concerning the kinetic Monte Carlo simulation are reproduced from 
Ref. [189] with the permission of The Royal Society of Chemistry. 
 
Simulations concerning the RAFT polymerization of PSa-SH and PSb-SH: 




⦁, 𝑃𝑖 , 𝑅0𝑋, 𝑅𝑖𝑋: conventional radical initiator, initiator fragment, monomer, RAFT leaving 
group, macroradical (chain length i≥1), dead polymer species, initial RAFT agent, dormant macrospecies; 
70°C; for termination apparent rate coefficients with given value the one of 𝑘𝑡,𝑎𝑝𝑝
1,1
 
Reaction Equation k ((L mol-1) s-1) ref 
Dissociation(a) 𝐼2
𝑓,𝑘𝑑𝑖𝑠
→   2𝐼⦁ 4.4 10
−5 [222] 
Chain Initiation 𝐼⦁ +𝑀
𝑘𝑝𝐼
→ 𝑅1
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(a)(apparent) efficiency f, (b)values for 2-cyano-2-propyl dodecyl trithiocarbonate instead of DoPAT 
 
Apparent termination rate coefficient 
In order to accurately describe the diffusion-controlled mechanism of bimolecular termination 
in radical polymerization, the composite kt model
4 [225] (aka RAFT-CLD-T model) was used. 
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This model allows to calculate an apparent homotermination rate coefficient (𝑘𝑡𝑐,𝑎𝑝𝑝
𝑖,𝑖
; i=chain 
length; only considering termination by recombination) dependent on the chain length i and the 
monomer conversion Xm: 
 
For i < igel 
 
 





 the (apparent) termination rate coefficient for radicals with chain length 1, 𝛼𝑠 the 
exponent for termination for termination of short chains in dilute solution, 𝛼𝐿 the exponent for 
long chains in dilute solution, 𝛼𝑔𝑒𝑙 the exponent for chains in the gel regime, 𝑖𝑆𝐿 the crossover 
chain length between short- and long-chain behavior, 𝑖𝑔𝑒𝑙 the chain length at the onset of the 
gel-effect. An overview of these parameters can be found in Table 8.2.[225] 
From the apparent homotermination rate coefficients, the apparent cross-termination rate coef-
ficient 𝑘𝑡𝑐,𝑎𝑝𝑝
𝑖,j
 is calculated for simplicity using the geometric mean: 
 
 




Table 8.3 – Parameters used for the composite kt model.[225] 
Monomer T(K) 𝒌𝐭
𝟏,𝟏
 𝜶𝐒 𝒊𝐒𝐋 𝜶𝐋 𝜶𝐠𝐞𝐥 𝒊𝐠𝐞𝐥 





































Apparent covalent initiator efficiency 
An apparent conventional initiator efficiency fapp dependent on monomer conversion Xm can be 
calculated as described by Buback et.al.:[228] 
 
 
with 𝐷𝐼 the diffusion coefficient of the cyanoisopropyl radical and 𝐷term = 5.3 10
−10m2s−1 a 
correction factor related to the rate of termination between two cyanoisopropyl radicals.  
According to the free volume theory, 𝐷𝐼 can be calculated via: 
 
 
In Table 8.4 is presented an overview of the description and values of the parameters used.  
 
Table 8.4 – Overview of the values to calculate the apparent initiator efficiency as described by Buback et al. 
for AIBN as conventional radical initiator and styrene as monomer.[228] 
Parameter Description Value 
𝐷0,𝐼 (𝑚
2𝑠−1) Pre-exponential factor for diffusion 1.95 10−4 
𝐸𝐼  (𝑘𝐽 𝑚𝑜𝑙
−1) Activation energy for diffusion 31 
𝑅 (𝐽 𝑚𝑜𝑙−1𝐾−1) Universal gas constant 8.314 
𝑇 (𝐾) Temperature 333 − 363 
𝑤1 (−) Mass fraction of monomer 0-1 
𝑤2 (−) Mass fraction of polymer 0-1 
𝑉1
∗ (𝑚3𝑚𝑜𝑙−1) Specific critical hole free volume of monomer 9.46 10−7 
𝑉2
∗ (𝑚3𝑚𝑜𝑙−1) Specific critical hole free volume of polystyrene 8,50 10−7 
𝐾11
𝜆
 (𝑚3 𝑘𝑔−1 𝐾−1) Parameter for specific hole free volume monomer 1.49 10−9 
𝐾12
𝜆
 (𝑚3 𝑘𝑔−1 𝐾−1) Parameter for specific hole free volume polymer 5.82 10−10 
𝐾21 − 𝑇𝑔1 (𝐾) Parameter for specific hole free volume monomer −84 
𝐾22 − 𝑇𝑔1 (𝐾) Parameter for specific hole free volume polymer −327 
𝜉𝑖2 (−) 
Critical jumping unit volume ratio for cyanoispropyl 
radical to polymer 
0.36 
𝜉12 (−) 
Critical jumping unit volume ratio for monomer to 
polymer 
0.59 



















𝑤1(𝐾21 − 𝑇 − 𝑇𝑔1) +
𝑘12
𝜆
 𝑤2(𝐾22 + 𝑇 − 𝑇𝑔1) (8.9) 
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The accuracy of the simulation is shown by the good fit obtained when comparing the calcu-
lated and the experimentally obtained monomer conversion and average molecular weight data, 





Figure 8.6 – Comparison between the simulated (line) and the experimental (symbols) RAFT polymerization 
of styrene with DoPAT and DoPAT-OBz to achieve PSa-SH (left) and PSb-SH (right), respectively. Top: 
monomer conversion during time. Bottom: increasing of the molecular weight with the conversion. 
 










2  is already considered during the simulation and it is associated with the molecular 
weight distribution of the synthesized polymer, while 𝜎SEC is relative to the Sec column and it 




Figure 8.7 – SEC broadening calculated for the polystyrene standards used to calibrate the THF SEC used 
for the kinetic study proposed in Chapter 4. The figure is reproduced from Ref. [189] with the permission of 
The Royal Society of Chemistry. 
 















Figure 8.8 – Experimental (full line) and simulated (dashed line) SEC traces for the PFTR reaction in THF 
(red) and DMF (blue) using PSa-SH and 3PFB. (SH:PFB:DBU = 1:1:1, [SH]0 = 0.075 g·mol−1). The figure 
is reproduced from Ref. [189] with the permission of The Royal Society of Chemistry. 
 
 
Figure 8.9 – Top: Reaction scheme for the synthesis of PSb and PSb-SH. Bottom: SEC traces for PSb (black) 






















































































































































































































Figure 8.10 – 1H NMR spectra (CDCl3, 400 MHz) spectra for PSb (black) and PSb-SH (green). In the box is 
highlighted the disappearance of the –CH2- marked in the structure (*). δ = 7.50 – 6.20 (m, ArH), 2.5 – 0.50 




Figure 8.11 – 13C NMR spectra (CDCl3, 101 MHz) for PSb (black) and PSb-SH (green). The disappearance 
of the resonances corresponding to the aliphatic carbon chain of the RAFT agent is highlighted with a box. 
δ = 145.43(C, quaternary carbon in the styrene aromatic ring), δ = 128.33 and δ = 125,52 (-HC=CH-, 
unsaturated carbons, styrene ring), and δ = 40.30 (aliphatic C, aliphatic polymer backbone). The figure is 
reproduced from Ref. [189] with the permission of The Royal Society of Chemistry. 




















Figure 8.12 – (−)ESI-MS spectra for PSb (black) and PSb-SH (green). Top: full spectra recorded in the 
region m/z = 1500-400. Bottom: zoom in a selected region of the spectra in order to highlight the 
m = 104.061, which refers to the styrenic monomer unit and m = 244.130 between PSb and PSb-SH, 
which refers to the loss of the aliphatic chain and the trithiocarbonate upon aminolysis. The figure is repro-
duced from Ref. [189] with the permission of The Royal Society of Chemistry. 
 
Table 8.5 – Comparison of the experimental and the theoretical m/z ratio for the peaks highlighted in Figure 
8.12. The table is reproduced from Ref. [189] with the permission of The Royal Society of Chemistry. 
 Structure n m/z (exp) m/z (theo) m 
 [PSb + Cl]− 19 2454.3401 2454.3502 0.010 
 [PSb + I]− 18 2442.2153 2442.2243 0.0090 
 [PSb-SH + Cl]− 19 2209.2102 2209.2169 0.0067 
 [PSb-SH + Cl]− 18 2197.0845 2197.0899 0.0054 
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Figure 8.13 – Experimental SEC traces for the PFTR reaction in THF (red) and DMF (blue) using PSb-SH 
and 3PFB. (SH:PFB = 1:1, [SH]0 = 0.075 g·mol−1). The figure is reproduced from Ref. [189] with the per-
mission of The Royal Society of Chemistry. 
 
 
Figure 8.14 – Experimental functional group conversion over time for the PFTR reaction using 3PFB and 
either COOH-SH (blue) or PSa-SH (red) in THF (filled symbols) and DMF (empty symbols). (SH:PFB = 1:1 





























































































































Figure 8.15 – Comparison of the experimental (symbols) and simulated (line) functional group conversion 
over time for the PFTR in THF (full symbols) and DMF (empty symbols) (SH:PFB=1:1, 
[SH]0 = 0.075 g·mol−1). Left: The PFTR was performed using 3PFB and either PSa-SH (red) or PSb-SH 
(black). Right: The PFTR was performed using 3PFB and COOH-SH (blue). The figure is adapted from Ref. 
[189] with the permission of The Royal Society of Chemistry. 





































































Figure 8.16 – SEC traces after investigation for the disulfide bond suppression. The reaction was performed 
using PSa-SH as thiol derivative and a 1:15 molar ratio of  SH:DBU, in different condition. Top: in the 
presence of oxygen and absence of TCEP. Middle: In the absence of oxygen (argon) and absence of TCEP. 
Bottom: in the presence of oxygen and 6eq. of TCEP with respect to the thiol groups. [SH]0 = 0.037 g·mol−1. 














































































































































































































































Figure 8.17 – SEC traces for the disulfide bond investigation in argon atmosphere, using a ratio of SH:TCEP 
= 1:1 and 15eq. of base (i.e. DBU). Aliquots of the reaction mixture were withdrawn at different intervals of 
time. After an initial phase, it is visible the cleavage of the disulfide bonds by the presence of the reducing 
agent. The figure is reproduced from Ref. [189] with the permission of The Royal Society of Chemistry. 
 
 
Figure 8.18 – SEC traces for the PFTR reaction using PSa-SH and 3PFB in DMF ([SH]0 = 0.037 g·mol−1). 
The molar ratio of SH:PFB:TCEP is stated in the legend, while the ratio of SH:DBU was fixed to 1:15. The 

























































































































































SH:TCEP:DBU = 1:1:15 SH:TCEP:DBU = 1:0:15
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8.2 Appendix for Chapter 5  
 
Figure 8.19 – 19F NMR spectra (CDCl3, 377 MHz) for the networks obtained starting from small molecule 
bifunctional thiol derivatives and trifunctional fluorinated linker (3PFB). Thiol precursors: dithiothreitol 
(DTT), 2,2′-(Ethylenedioxy)diethanethiol (DODT) and butanedithiol (BT). The figure is adapted from Ref. 
[188] with the permission of The Royal Society of Chemistry. 
 
 
Figure 8.20 – ATR-IR spectra for the networks obtained starting from small molecule bifunctional thiol 
derivatives and trifunctional fluorinated linker (3PFB). Thiol precursors: dithiothreitol (DTT), 2,2′-(Eth-
ylenedioxy)diethanethiol (DODT) and butanedithiol (BT). The figure is adapted from Ref. [188] with the 
permission of The Royal Society of Chemistry. 




















Figure 8.21 – XP C1s (left) and ToF-SIMS (right) images for the networks obtained starting from small 
molecule bifunctional thiol derivatives and trifunctional fluorinated linker (3PFB). Thiol precursors: dithio-
threitol (DTT), 2,2′-(Ethylenedioxy)diethanethiol (DODT) and butanedithiol (BT). The ToF-SIMS images 
show the relative abundance of the fragment before (C7HOF5-) and after (C7HSOF4-) PFTR. The figure is 
adapted from Ref. [188] with the permission of The Royal Society of Chemistry. 
 
 
Figure 8.22 – DSC curves for the networks obtained starting from small molecule bifunctional thiol 
derivatives and trifunctional fluorinated linker (3PFB). Thiol precursors: dithiothreitol (DTT), 2,2′-(Eth-
ylenedioxy)diethanethiol (DODT), butanedithiol (BT) and 1,4-phenylenedimethanethiol (PDT). The figure is 





Figure 8.23 – Top: 1H NMR spectra (CDCl3, 400MHz) for PS(36) (before aminolysis, black) and biSH-
PS(36) (after aminolysis, red line). δ = 7.50 – 6.20 (m, ArH), 2.5 – 0.50 (m, aliphatic H). Bottom 13C NMR 
spectra (CDCl3, 101MHz) for PS(36) (before aminolysis, black) and biSH-PS(36) (after aminolysis, red line). 
δ = 145.4(C, quaternary carbon in the styrene aromatic ring), δ = 128.3 and δ = 125.5 (-HC=CH-, unsatu-
rated carbons, styrene ring), and δ = 40.3 (aliphatic C, aliphatic polymer backbone) δ < 40 (aliphatic C12H25- 
adjacent to the trithiocarbonate moiety). In both cases: highlighted in the blue box is the diagnostic peaks 










Figure 8.24 – Top: 1H NMR spectra (CDCl3, 400MHz) for PS(64) (before aminolysis, black) and biSH-
PS(64) (after aminolysis, blue line). δ = 7.50 – 6.20 (m, ArH), 2.5 – 0.50 (m, aliphatic H). Bottom: 13C NMR 
spectra (CDCl3, 101MHz) for PS(64) (before aminolysis, black) and biSH-PS(64) (after aminolysis, blue 
line). δ = 145.4(C, quaternary carbon in the styrene aromatic ring), δ = 128.3 and δ = 125.5 (-HC=CH-, 
unsaturated carbons, styrene ring), and δ = 40.3 (aliphatic C, aliphatic polymer backbone) δ < 40 (aliphatic 
C12H25- adjacent to the trithiocarbonate moiety). In both cases: highlighted in the blue box is the diagnostic 









Figure 8.25 – Top: 1H NMR spectra (CDCl3, 400MHz) for PS(82) (before aminolysis, black) and biSH-
PS(82) (after aminolysis, green line). δ = 7.50 – 6.20 (m, ArH), 2.5 – 0.50 (m, aliphatic H). Bottom: 13C NMR 
spectra (CDCl3, 101MHz) for PS(82) (before aminolysis, black) and biSH-PS(82) (after aminolysis, green 
line). δ = 145.4(C, quaternary carbon in the styrene aromatic ring), δ = 128.3 and δ = 125.5 (-HC=CH-, 
unsaturated carbons, styrene ring), and δ = 40.3 (aliphatic C, aliphatic polymer backbone) δ < 40 (aliphatic 
C12H25- adjacent to the trithiocarbonate moiety). In both cases: highlighted in the blue box is the diagnostic 








Figure 8.26 – Left: SEC traces recorded at different times during the polymerization of PTBMA. Right The 
molecular weight and the dispersity index (Ð) as determined via SEC are plotted against the concentration. 
A linear increase of Mn with the conversion, as well as low values for Ð, indicates a good control over the 
polymerization. DoPAT:TBMA:AIBN = 1:350:0.1 (molar ratio), T = 70 °C in toluene (50% w/w). 
 
 
Figure 8.27 – 19F NMR spectra (CDCl3, 377 MHz) of biPFB-PS before (black) and after (green) the PFTR 
reaction, performed between biPFB-PS and aliphSH using DBU as base (molar ratio of 















































































Figure 8.28 – Top: 1H NMR spectra (CDCl3, 400 MHz) for biPMMA (before end-group capping, black) and 
biPFB-PMMA (after end-group capping, light blue line). Highlighted with colorful stars the protons diag-
nostic for the successful end-group functionalization. Bottom: 19F NMR spectrum (CDCl3, 377 MHz) for 




















Figure 8.29 – 19F NMR spectrum (CDCl3, 377 MHz) after PFTR reaction between 4COOSH and PFB-PE. 
SH:PFB  = 1:1 stoichiometric ratio in DMF using TBAF (0.3eq.) as base. 
 
 
Figure 8.30  – 19F NMR spectrum (CDCl3, 377 MHz, gel phase) of the poly(methacrylate) network obtained 
after PFTR reaction between biPFB-PMMA and 4phenSH, using a molar ratio of SH:PFB:Et3N = 1:1:1 at 
40 °C in DMF (300 mg·mL−1). 
 











Figure 8.31  – 19F NMR spectrum (CDCl3, 377 MHz) of the extractables of the poly(methacrylate) network 
obtained after PFTR reaction between biPFB-PMMA and 4phenSH, using a molar ratio of 
SH:PFB:Et3N = 1:1:1 at 40 °C in DMF (300 mg·mL−1). 
 
Figure 8.32 – SEC traces (aqueous SEC) after the polymerization of acrylic acid (AA) performed in dioxane 
(50% w/w ratio) and 70 °C using CTACOOH as RAFT agent in a stoichiometric ratio of 1:300 (CTA-
COOH:AA). 
Table 8.6 – Summary of the molecular weight and the dispersity index of the poly(acrylic acid) polymer 
reported in Figure 8.32 
Reaction time / min Mn / g·mol
−1 Ð 
90 2500 1.3 
130 5900 1.2 
180 8400 1.3 
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